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CHAPTER 1 
ELECTRONS AND QUANTA 


1. The Elementary Electric Charge 


lons in solutions. Since the time of Davy and Faraday it has 
been known that atoms and molecules (and also fragments of 
molecules—radicals) may be either Seni neutral or pos- 
Sess electric charge, positive or negative, As far back as | 07, 
Davy came to the correct conclusion that electric charges can 
arise in the chemical interaction of molecules (in solution) or 
can be imparted to particles of matter when the latter undergoes 
chemical decomposition by electric current. In 1834 Faraday 
expressed the view that the electric conduction of solutions is 
due to the motion of these charged particles (which he called 
ions) in an electric field. Faraday distinguished between positive- 
ly charged ions, or cations, and negatively charged ions, anions, 

The laws of electrolysis discovered by Faraday provided the 
first experimental prod. of the existence of an elementary electric 
charge, which was formulated most explicitly by Helmholtz in 
1881 in his Faraday address: “If we accept the existence of atoms 
of elements, we cannot avoid the further corollary that electri- 
city too — both positive and negative —is divided into definite 
elementary quantities, which behave like atoms of electricity.” 

The magnitude of this elementary quantity of electricity, or 
elementary charge, could be obtained from araday’s laws. In 
accordance with these laws, the passage of a certain quantity 
of electricity through an electrolyte always causes the deposition, 
on the electrodes, of a strictly definite amount of the given ele- 
ment, different elements being deposited in amounts proportional 
to their electrochemical equivalents, that is, their atomic weights 
A divided by the valence of the given element V. Thus, 1 coul 
of electricity deposits from a solution of silver nitrate g= 
=1.118 mg (milligrams) of silver, from a solution of cupric salt 
0.3292 mg of copper, and from a solution of ferric salt 0.1930 mg 
of iron. The electrochemical equivalents of these metals are 
107.88, 31.77, and 18.62, respectively. Dividing the electro- 
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chemical equivalent of a given element by the appropriate value 
of q, we obtain the Faraday constant F; this is the number of 
coulombs of electricity that deposits a quantity of grams of 
the given element which is numerically equal to its electrochemical 
equivalent: 
F = 96,500 coul. 

N 
Since in this number of grams there are =p atoms of the given 
metal (Na is the Avogadro number, which is 6.02 X 10** atoms 
per gram atom), by dividing the Faraday constant (expressed in 


^ : N 
absolute electrostatic units) by the number of atoms y we ob- 
tain the following expression for the charge of a single ion: 


Q—Vg.. (1.1) 


From this formula it follows that the charge of an ion is an 
integral. multiple (V-multiple) of a certain minimum (elementary) 
charge: 


e= $= 4.82 x 10-" CGSE, 
A 


Thus, the charge of an ion of silver Ag* is equal to e, that of 
an ion of bivalent copper Cu**, 2e, and of an ion of trivalent 
iron Fe***, 3e, 

lons in gases. Measurements of ion charges in gases have shown 
that in this case also the charge of the ion is an integral mul- 
tiple of the elementary charge e which has the value given above. 
We shall pass over earlier attempts at an experimental deter- 
mination of the charge of a gaseous ion by various workers and 
touch only on the experiments of Millikan (1910-16), in which 
the procedures of earlier investigators were considerably refined. 
In his first experiments, Millikan measured the rate of fall, in 
air, of individual water droplets formed through the condensation 
of supersaturated vapour on gaseous ions The presence of an 
electric charge Q on a liquid drop could be established by the 
change in rate of fall (or by change in the sign of the velocity) 
when an electric field was switched on. By appropriate choice 
of the magnitude of the field intensity E, it was possible to stop 
the drop in its fall when the electric force QE balanced the 
force of gravity, i.e., the weight of the drop mg (m is the mass 
of the drop and g is the acceleration of gravity). 

Assuming that the Stokes law holds for a freely falling drop 
(in the absence of an electric field), we have 


mg=6ayrv (1.2) 
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where n is the viscosity factor of air, r is the radius of the 
drop, and v is its rate of fall. In the case of a stationary drop, 


mg —QE. (1.3) 


Taking into account that m= nro (g is the density of the 


drop) and eliminating r from equations (1.2) and (1.3), we see 
that simultaneous solution of these equations gives 
3 


Q=9V Bn" (go). (1.4) 


Thus, by -measuring the speed of a freely falling drop v and the 
intensity of the balancing field E, it was possible to determine 
the charge of the drop with the aid of n and o, which are found 
from equation (1.4). By such measurements Millikan found that the 
charge of the drop and, hence, the charge of a gaseous ion (just 
as in the case of ions in solutions) is a magnitude which is a 
multiple of a certain minimum quantity e and which came out 
equal to e—4.70x 107'* CGSE; in other words, it coincided, 
within the limits of experimental error, with the elementary 
charge of an ion in solution. 

In subsequent experiments, Millikan used droplets of oil. Be- 
sides, he introduced a correction for the Stokes law, which takes 
into account the effect of Brownian motion on the frictional 
force experienced by a falling droplet. The experiments were 
conducted at different air pressure. The elementary ionic charge 
obtained in these experiments was e—4.774x 10-'* CGSE. The 
presently accepted value of the elementary electric charge is 


e = (4.80217 + 0.00006) x 107'* CGSE. 


We may add that, applying a method similar to Millikan's, 
Ioffe, in 1912, measured the charge acquired by metal dust par- 
ticles (suspended in air) through irradiation with ultraviolet 
light (photoelectric effect). In this case, too, the charge of a 
dust particle is an integral multiple of the elementary charge. 


2. Specific Charge and Mass of an Electron 


Cathode rays. Numerous investigations of ions in various gases 
show that the positive ions always have a mass comparable 
with the mass of the atoms and molecules of the given gas. In 
other words, these ions are positively charged gas molecules or 
fragments of molecules, In addition to ions with masses com- 
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parable with those of molecules and atoms, at low. pressures 
there are observed negatively charged particles of mass thousands 
of times less than that of an atom. The existence of these 
particles, called electrons,* is evident from investigations of the 
So-called cathode rays, which are observed in electric discharges 
in gases at low pressures. One of the features of an electric 
discharge arising in a gas at pressures of several millimetres of 
mercury or less and at potential diflerences of thousands and 
tens of thousands of volts is luminescence oi the -gas, which is 
particularly intense near the cathode (negative luminescence). 
Measurements of the distribution of potential along the path of 
the discharge show that the potential drop (and, consequently, 
the electric force) is particularly great also near the cathode 
(cathode potential drop), where it can attain many hundreds of 
volts per centimetre (V/cm). When the gas pressure is reduced 
to hundredths of a millimetre of mercury and less, the negative 
glow (and also the glow in the remaining part of the discharge 
tube, which is called positive) disappears; in its place there 
appears a faintly luminescent beam from the cathode along the 
axis of the discharge tube —the cathode beam. Numerous exper- 
iments showed that this beam is actually a stream of negative- 
ly charged particles. It was likewise established that these 
particles are emitted by the surface of the metallic cathode as 
a result of its bombardment with positive ions that acquired 
high energies in the region of the cathode potential drop. 

Specific electronic charge. Many scientists measured the deflec- 
tion of cathode rays in electric and magnetic fields and determined 
the specific charge of the particles of the cathode beam (electrons), 
i.e., the ratio of the charge of the electron to its mass. In the 
very first experiments, J. J. Thomson (1897) established that 
the magnitude of the specific charge is independent of the ma- 
terial of the cathode and of the nature of the gas in the zone 
of discharge and that, consequently, the electron is some uni- 
versal elementary particle which is a component of the atoms 
of all elements. In these experiments, it was also found that 
the quantity e/m (e is the absolute magnitude of the electronic 
charge, m is the electron mass) is about 10’ CGSE. We shall 
not dwell on the peculiarities of various methods used to deter- 
mine the specific electronic charge; by way of illustration, we 
take the Kaufmann method, which is the most precise. 


* The term "electron" was proposed by Stoney in 1891 to designate an ele- 
mentary electric charge of any sign. Later the name electron was given to a 
negatively charged particle of a definite (small) mass (see below). In 1932, the 
positively charged counterpart—positron—was discovered. : 
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In Kaufmann’ s experiments, the cathode beam accelerated by 
the electric field of a discharge tube (direction x) entered a 
transverse magnetic field (direction y). According to the Biot- 
Savart law, each electron in the magnetic field is subjected to 
a force evH (where v is the speed of the electron and H is the 
magnetic-field intensity) which is normal to the direction of 
motion of the electrons and which deflects the cathode beam 
from its original direction (x). For small angles of deflection, 
the direction of magnetic force may be considered perpendicular 
to x (direction z), whence it follows that 
d?z 

2 


m qe evH. 


Taking into account that ven em d and integrating the fore- 
going equation, we get 


t x 
rie jar pue 


where / is the path length of the cathode beam in the magnetic 
field. On the basis of 

mv; 

ze, 


where V is the potential difference that accelerates the electrons, 
we obtain from the foregoing equation the following expression 
for the specific electronic charge: 


Lee 22°V (2.1) 


m 1 x 2 
(J dx Juas ) 
o o 
Measuring the quantities of equation (2.1), we obtain the specific 


electronic charge =. According to Kaufmann, L— 1.8x10* CGSE. 


This value is sufficiently close to the subsequently obtained and 
more precise value 


£ = (1.758896 + 0.000028) x 10” CGSE. 


Electronic mass. From this value of the specific electronic 
charge and the quantity e (p. 9), we obtain for the mass of the 


electron: 
m= (0.910710 + 0.000022) x 107” g. 


This is the so-called rest mass, the mass of a stationary electron 
or an electron moving with a velocity negligibly small in com- 
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parison to the velocity of light. * We denote the rest mass by 
m, and the mass of a moving electron by m; there is a definite 
relationship between these two masses. From the concept of an 
electron contracting in the direction of motion (Lorentz) and 
also from relativity theory (Einstein) we obtain the following 
expression for this relationship: 


zh 2.9 

eR (2.2) 

where p=~ is the ratio of electron velocity to the velocity of 
light. 

The rest mass of an electron is approximately 2000 times less 
than that of an atom of hydrogen. The precise value of the ratio 
of the mass of an H atom, my, to the rest mass of an electron, 
m,, is obtained from the mass of the H atom, 

mg = (1.673059 + 0.000080) x 10-24 g, 
and from the rest mass of the electron given above: 
Mu:m, = 1837.093 + 0.044. 


To summarise, the Specific charge of an atomic ion of hydrogen 
(proton) is approximately 2000 times less than the specific elec- 
tronic charge. The Specific charge of all other ions is over 
2000 times less than the specific electronic charge. 


3. Thermionic emission 


Thermionic current as a function of applied potential difference. 
It has been pointed out above that cathode rays arise as a result 
of electron emission by metals under bombardment of the metal 
surface with fast ions. In the above-mentioned experiments car- 
ried out by Ioffe, metallic dust particles emitted electrons (and 
were charged positively in the process) when illuminated with 
ultraviolet light. It will be noted that the first precise measure- 
ments of the specific charge of photoelectrons were made in 
experiments carried out by Kaufmann who obtained elm—1.8x 
x10' CGSE. Kaufmann likewise found the mass of the photo- 
electron to be a function oi its velocity. 

Metals are also capable of emitting electrons when heated. 
By placing two electrodes, one hot and one cold, in an evacuated 


* The velocity of light in vacuo is c — 299,790.0 + 0.7 km/sec, or approximately 
3X 10? cm/sec. 


Sec. 3] THERMIONIC EMISSION 13 


vessel and applying a potential difference between them, it is 
possible to measure the emission current from the heated elec- 
trode and also to convince oneself that this current is percep- 
tible only when the hot electrode is at a negative potential 
(relative to the cold one), in other words, that the emission 
current is due to the ejection of negatively charged particles by 
the hot metal. A study of the emission current as a function 
of the potential difference 

permits determining the  ; 

specific charge of these par- 

ticles, which appears to 

coincide with the specific 

electronic charge. 

An experimentally de- 
rived graph of the emission 
current versus applied po- 
tential difference is given 
in Fig..l. It will be seen 
that the current at first 2 y 
RETENE UTE, Fig. 1. The electron-emission current 1 
j H tg. L. elei s ISSIO: urren as 
fe E s pic pu. d a function of potential difference V 
portionality; then, at a 
certain potential difference, it reaches saturation, i.e., it ceases 
to be a function of V. This shape of the I vs. V curve may be 
explained as follows. The initial current increase is due to the 
fact that as V increases, more and more electrons emitted by 
the cathode reach the anode. The remaining electrons are returned 
to the cathode by the space charge near the cathode; and the 
lower V is, the greater the density of the space charge. At a 
certain potential diflerence the space charge disappears since all 
the electrons emitted by the cathode reach the anode. Obviously, 
if the temperature of the cathode remains constant, further rise 
in potential difference cannot increase the current because the 
number of emitted electrons is determined: by the temperature 
(see below); for a constant temperature, it determines the ob- 
served maximum emission current (saturation current). If the 
temperature of the cathode is increased (at a constant potentia? 
difference) the saturation current rises, 

For the ascending portion of the I vs. V curve in Fig. 1, the 
current I as a function of potential difference V may be given 
by a theoretical formula obtained on the basis of the foregoing 
reasoning and properly reflecting the I-V relationship. Consider- 
ing a one-dimensional problem, i.e., taking both electrodes to 
be parallel planes, we shall have the following differential equa- 
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tion for a potential at a certain point at a distance x from the 
cathode, Vx: 
dV, 
dx? 


=— 4ng 


(Poisson equation), where ọ is the density of the space charge 
at point x; it is connected with the density of the emission cur- 
rent by the following relation: 


i=ev. 
Here, the electron velocity v at point x may be expressed in 
terms of the potential V,: 
e 
or y= V 2X Vx (e and m are the charge and mass of the elec- 


tron). Substituting this expression into the differential equation 
for V,, we obtain 
Ns — Ani 


Integrating this equation for the boundary conditions ME 
and iQ at x—0 (cathode) and V, —V at x —d (anode) and 
solving the expression obtained for i, we find 


nany egt 
green Va aeo eub 
In the case of a cylindrical design, when the cathode is a wire and the anode 
a cylinder of radius r (the cathode is situated on the axis of the cylinder), 


SOR of the differential equation for the potential leads to the following for- 
mula: 


ee ao} e VE 
9 m rp? (3.2) 


2 e? ROS I | io Cae YÀ re e 
where P= p mZ) j (m) solm) IEI, 
(a is the radius of the wire). 


It will be seen that in both cases the emission current, for a 
given potential difference, is proportional to <; this enables 
us, by measuring the magnitude of i for various V, to determine 
the specific electronic charge £. As a result of measurements 
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of this kind, Langmuir obtained the value $1776 x 10" elec- 


tromagnetic units (emu), which is very close to the subsequently 
obtained more precise value (see p. I1). 

Richardson's equation. According to equations (3.1) and (3.2), 
the emission current increases with the potential difference as 
Viz, As has already been pointed out, this rise ceases when all 
the electrons emitted by the hot cathode reach the anode. The 
emission current can then be computed as follows, Assuming the 
number oi "free" electrons in each cubic centimetre of metal 
(conduction electrons) to be n and taking the Maxwellian distri- 
bution of electron velocities for the portion of electrons the 
velocities of which along the axis x, perpendicular to the surface 
of the cathode, are contained between x and x -+ dx, we will 


have - 
_ mx? -mi 
a e Ta e T ax 
n 2 Lont * 
Fongo] 2nkT 
f e Tax VY m 
-0 


Due to the electron-retarding field on the surface of the metal, 
only those electrons moving in the positive direction of the x 
axis will be emitted whose energies exceed a certain value eg, 
which is the work function for the removal of an electron from the 
metal and is characterised by the contact potential of the given 
metal q. Thus, for the density of the saturation current at a. 
certain temperature T we have 


o. 
i-e f x dn. 4 
Xo 


where X, is the minimum velocity at which electron emission is. 
still possible; it is determined by the condition 

mx? 

ores te 
Substituting dn; into the expression for i and performing inte-- 
gration, we obtain the following expression for the density of 
the saturation current: 
YT d 


i=en same " (3.3); 


Equation (3.3) is called Richardson's equation. 
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Experiments carried out by Richardson and other workers 
showed that this equation gives a correct description of the satura- 
tion current as a function of temperature. For instance, in a 


graphical representation of ine as a function of T we obtain 


a straight line corresponding to equation (3.3); whence follows 
the constancy of @ (for the given metal). At the same time, 
experiments show that the values of “free”-electron density in 
the metal as computed from the pre-exponential factor in equation 
(3.3) do not accord with the conventional concepts of identity 
of the number of “free” and valence electrons of a given metal. 
Thus, for example, for a tungsten cathode Richardson obtained 
n.=9.9x 10" electrons per cm’ (for tungsten, Richardson found 
9 —4.25 V). Yet, when computing the number of atoms of tung- 
sten in one cubic centimetre of metal from the formula 


Ny = Na $ (3.4) 


(o is the density of tungsten equal to 19.1, A is its atomic 
weight, 184.0), we find n,,—=6.24 x 10° atoms per cm’, which is 
some 60 times that of n.. Without going into the reasons for 
this discrepancy, let it be noted that it precludes any possibility 
«of directly determining the electronic charge on the basis of 
Richardson’s equation (3.3). 

Field-induced electron emission. The electronic charge may be 
obtained from data on the ejection of electrons from metal by 
an electric field. Sufficiently strong electric fields give rise to a 
number of phenomena (unipolar conduction of plate-point contact, 
vacuum breakdown) which are due to field-induced electron emis- 
sion. Increased thermionic emission is likewise observed in strong 
electric fields. As was shown by Schottky, when the electric field 
is sufficiently strong, the Richardson equation for saturation 
current (3.3), which we shall rewrite in the following simplified 
form 

rem 
i=i,e T, (3.3) 
converts to the following equation: 
ee- VE 
tie. T ` (3.5) 
where E is the electric-field gradient, 
From Schottky’s equation it follows that at constant tempera- 


ture the quantity In (i/i,) must be a linear function of the square 
root of the field gradient; the slope tangent of the straight line 
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In (iji), VE must be equal to e%=/kT. This regularity was cor- 
roborated by the experiments of Bruins carried out at high 
temperatures (1580? K and above) with a tungsten cathode in the 
form of a 0.02-mm-thick wire. Bruins’ data for the electronic 
charge give e—4.84x 107'* CGSE, which, within experimental 
error, coincides with the later obtained precise value (see p. 9). 


4. Black-Body Radiation 


The laws of thermal radiation. In 1859, Kirchhoff demonstrated 
thermodynamically that at a constant temperature the quantity 
of radiant energy within a certain closed cavity and representing 
a spectral interval from X to X-|-dÀ, is independent of the walls 
of the cavity. Denoting the spectral density of this universal 
radiation, called black-body radiation, by o, (the quantity of ra- 
diant energy of wavelength A in unit volume), Kirchhoff's law, 
which expresses this property of ideal black-body radiation, may 
be written as 

Q,dÀ =F (A, T) da, (4.1) 


where F(A, T) is a certain universal function of the wavelength 
and temperature. 

This function was later (1893) specified by Wien. On the 
basis of thermodynamics and the electromagnetic theory of light 
he obtained the following expression for the spectral density of 
ideal black-body radiation: 

Q, A^ 1(A T) (4.2) 
(Wien’s law). In accordance with the experimental fact that at 
each given temperature the density of thermal radiation (which 
always, to a greater or lesser degree, approaches black-body ra- 
diation) has a maximum at a specific wavelength Anax from (4.2) 
we obtain an unambiguous relationship between A ax and T. 
Indeed, from the condition of the maximum of e($—0) we 
find 5f (Anax T) = A, X TH’ (Anax T), whence it follows that 


Aaax | == const. (4.3) 


max 


max 


This relationship, which expresses Wien's displacement law, was 
obtained independently in that same year of 1893 by Golitsyn. 

From Wien's law (4.2) there also follows another important 
law that expresses the dependence of the total density of 
black-body radiation upon its temperature. This law was earlier 
established experimentally by Stefan (1879) and theoretically 


2—3038 
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by Boltzmann (1884) and is called the Stefan-Bolizmann law. 
Computing the total density of radiation, 


oo oo 
u={ dÀi = pt (, T) da, 
ò à 
we obtain the Stefan-Boltzmann law in the form 
uc (4.4) 


where 


o 
o= (I and t—AT. 
o 


The spectral density of black-body radiation inside a certain 
closed cavity may be computed in yet another way. Since in 
this case we are speaking of the energy of an electromagnetic 
field within the cavity under consideration, which field (on the 
assumption that the walls of the cavity are ideal reflectors of 
light) may be represented as a system of standing electromagnetic 
waves, the energy of this system may be computed as the prod- 
uct of the number of degrees of freedom of the system by the 
mean energy of one degree of freedom. Assuming the number of 
degrees of freedom (this number is equal to that of the natural 
oscillations of the system) over the range of wavelengths from 
A to A--dÀ to be proportional to the volume of the cavity V 
and to the magnitude of this range, q(X) VdÀ, we must, for 
reasons of dimensionality (in view of the fact that the number 
of degrees of freedom is a dimensionless quantity), set the 


function qu proportional to A-*. Since a precise computation 
yields ghar , for the number of degrees of freedom we shall have 


q (A) Vd = 8xVÀ.-*dÀ. 


Further, designating the mean energy of one degree of freedom 
by e, we get 


Q,dÀ — 87.7 edh (4.5) 
or, passing from X to v and noting that o,dA — — o,dv, v=% 
and dì=— S dv (where c is the velocity of light), we find 

odv=8x~ edv. (4.6) 


Identifying each degree of freedom of the system with some 
oscillator and taking the energy distribution between the oscil- 
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lators to obey the Boltzmann law, we have, for the portion of 
oscillators possessing energy e, 


N() CUR 
TN = Ae (4.7) 
(N is the total number of oscillators), whence, for the mean 
energy per oscillator, we obtain 


[^] oc 125 
fen (e) de f ee KTdg 
=> "z m KT: (4,8) 
T N (e) de IE KT ge 
E 9 $ 
Substituting e=kT into (4.5), we find 
Q, — 814.7 *kT. (4.9) 


Equation (4.9) is called the Rayleigh-Jeans equation and is readily 
seen to be a particular expression of Wien's law (4.2) that is 
obtained from the latter when f (AT)—8xkAT. 

According to this equation, the dependence of the spectral 
density of black-body 


radiation upon the wave- 4 
length should be ex- 

pressed by a function 2 
that monotonically in- 

creases with diminishing [4 
wavelength (as 1/A*) and N 
tends to oo when A—- 0. “2 
This relationship be- 

tween o and A isinsharp 74 
contradiction with ex- 
periment (particularly 78l 
in the region of medium Es 
and short wavelengths). -2 -] g 7 2 


As has been noted, in igr 


actuality, at a certain 
wavelength Amax, o; pass- 
es through a maximum; 
as À decreases further, 
9, diminishes and ap- 


Fig. 2. The spectral density of black-body ra- 

diation o (which is proportional to y) versus 

the wavelength (which is inversely proportional 

to x). The straight line is log oÀ as a function 
of 1/A (after Rayleigh-Jeans) 


proaches zero when 4—-0. The variation of o, with wavelength 
according to Rayleigh-Jeans and the experimentally observed 
relationship between o, and A are given in Fig, 2, where the 


2* 
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vertical axis is the logarithm of y, which is proportional to o;, 
and the horizontal axis is the logarithm of x, which is propor- 
tional to 1/A 

Light quanta. A way out of the impasse of classical physics 
and the thermodynamics of radiation was given by Planck 
in 1900. He reasoned that the energy of each of the oscillators 
representing electromagnetic radiation can take on only discrete 
values that are integral multiples of some quantity e, which is 
the energy quantum: ene, (n=O, 1, 2, 3, ...). 

Assuming Boltzmann energy distribution of the oscillators when 
computing the mean energy of an oscillator, we can again take 
advantage of equation (4.7); here, however, we replace the 
integrals in expression (4.8) by summations in accordance with 
the quantum hypothesis: 


nzcoo -iT 
E nee fo E 3 e 1 
| end n-—o ET: —7 XT —ET 
VOTED =g, (e kT +e KT 4g i = ; o (4.10) 
"ST kT XT 
2e. eki - 
n=0 


Substituting (4.10) into equation (4,6), we obtain for the 
spectral density of black-body radiation the expression 
£y 


kt _y 


y? 
9, — 81 r 
e 


Comparing this formula with the expression of Wien’s law (4.2), 
which, when passing from X to v, may be written as 


a=v'x(F) ; (4.2^) 
we see that both formulas can agree only on the condition that 
g,—hv (4.11) 


where the proportionality factor. h is a universal constant 
(Planck's constant) with the dimensions of energy multiplied by 
time. From (4.11), the expression for o, assumes the form 


2 
=, (4.12) 
kT 


Formula (4.12) is called the Planck radiation formula. 

It will readily be seen that in the region of low frequencies 
(long waves) that satisfy the condition hv<kT, the Planck 
formula passes into the Rayleigh-Jeans equation, which, in 


rere. 
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terms of v, takes the form 
9,825 kT, (4.9") 
Indeed, in this case or under the identical condition e, «kT, 
fo 


expanding the function e** —IcEG.. in a series and con- 
fining ourselves to the first two terms of the expansion, we 
obtain from (4.10) e==kT, which is the result earlier established 
by means of the classical formula (4.8). This accounts for the 
fact that in the region of long wavelengths the Rayleigh-Jeans 
equation is confirmed experimentally (see Fig. 2). 

In the limiting case of high frequencies that satisfy the 
condition hv® kT, the Planck formula (4.12) may be written 
in the form 


hy 
Sahv! LC KT (4.13) 


or in the form 
(4.13) 


deos 
Qi fec, 


where c,—8ach and qo. Equation 4.13) coincides with 


the equation proposed by Wien in 1896 that correctly describes 
the variation of @, with wavelength in the range of short 
wavelengths. 
Rewriting the Planck formula (4.12) in the form 
eoe, (4.127) 
exe 


we obtain the following equation from the condition of maximum 
density of radiation: 


Ton f e-*max D 


where —Á— e A graphical solution of this 
max max 
equation yields Xmas = 4.965 and, hence, i 


Topic 
yee Wa ios k ^ const. 


Substituting here the experimentally obtained value of AmaxT 
—const— 0.288 cm deg and the values of the const 
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c— 3 X 10" cm/sec and k — 1.38 X 107"* erg deg^', we obtain for 
the Planck constant h —6.58 X 1077 erg sec. 

In exactly the same way, from equation (4.12") for the constant 
of the Stefan-Boltzmann law o (4.4) we obtain the expression 


LINEA 
x= tT)‘ 

oo oo 
ĉi x'dx 8ank'(* x'dx 
g ci e*—1 he Jje*—1" 
° 


o 


oo 
Evaluating the integral LEA graphically, we find 6.494. 


Substituting this number together with the experimental value 
of the constant o— 7.64 X 107 '* erg cm^? deg^* and the values 
of the constants c and k into the preceding expression, for 
Planck’s constant we find h=6.52 X 107" erg sec. 

It may be noted that there are also other possibilities of an 
experimental determination of the constant h. Spectroscopic 


measurements are the most accurate. At present, the most precise 
value is 


h — (6.62363 -+ 0.00016) X 107? erg sec. 


5. The Photoelectric Effect 


Photoelectrons. The quantum hypothesis proved fruitful in 
interpreting a number of other phenomena, including the photo- 
electric effect, which consists in the emission of electrons by 
metals (and other bodies) when the latter are irradiated with 
light of sufficiently short wavelengths. As early as 1887, Hertz 
noticed that when the electrodes of a spark gap are irradiated 
with ultraviolet light the discharge sets in at a lower voltage. 
As Hallwachs established in 1888, a drop in the discharge voltage 
is due to the appearance of electrically charged particles emit- 
ted by the cathode as a result of illumination. This phenomenon 
was subjected to a quantitative study by Stoletov (1888-90), 
who found that the magnitude of the photoelectric current is 
strictly proportional to the intensity of the light absorbed by the 
cathode. The next step in the study of the photoelectric effect 
was made by Lenard, who showed that the charged particles 
emitted by the cathode under illumination are electrons (1899). 
In addition, Lenard found (1902) that the emission of electrons 

. from the metal is possible only at a frequency of the light that 
exceeds a certain minimal value v, and the energy of the ejected 

electrons (photoelectrons) increases with increasing difference 
v— vw, and is independent of the intensity of the light, which (in 


n a Ro 
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accord with the law established by Stoletov) determines only 
the number of photoelectrons (the magnitude of the photoelectric 
current). 

Interpretation of these regularities on the basis of the wave 
theory of light encounters insuperable difficulties. Indeed, if we 
consider the photoelectric effect as the result of the effect of the elec- 
tromagnetic field of the wave on the electrons in the metal, it is 
impossibleto account either for the existence of a threshold frequency 
or for the fact that the energy of the photoelectrons is independent of 
the light intensity. All the regularities involved in the photo- 
electric effect were interpreted quantitatively on the basis of 
the quantum theory formulated by Einstein in 1905. 

Quantum theory of the photoelectric effect. Einstein, ina certain 
sense, revived the corpuscular theory of light and proceeded from 
the concept of light as a stream of light quanta, or photons, each 
of which has an energy hv. When light is absorbed by a metal, 
each quantum interacts with one electron only. On the basis of 
this reasoning, the law of conservation of energy, as applied to 
a single elementary photoelectric event, is expressed as follows: 


hv—hy, +8", (5.1) 


where v, is the limiting (minimum) photon energy that cor- 
responds to the threshold of the photoeffect and is the work done 


in ejecting an electron from the metal, and xs is the kinetic 


energy of a photoelectron. Equation (5.1) expresses  E/nstein's 
photoelectric law. 

It will readily be seen that all the foregoing regularities of 
the photoelectric eflect follow directly from theory. Indeed, since 
the intensity of monochromatic light (light of a certain frequency) 
is proportional to the number of light quanta, and the number 
of quanta absorbed by the metal is equal to the number of 
photoelectrons (when v7» v,) the latter must be proportional 
to the intensity of the absorbed light, as was verified by experi- 
ment. Further, from Einstein's law it follows that electron 
emission is possible only under the condition that v 7» v,, when 
the photon energy is equal to or greater than the electronic 
work function, which is the energy needed to remove an electron 
from the metal. Finally, from (5.1),and also in accord with 
experiment, the energy of the photoelectrons increases with the 
difference v — v, and is independent of the light intensity, or of 
the number of absorbed quanta. : 

Einstein’s law was subjected to a comprehensive quantitative 
investigation. Millikan (1916), measuring the maximum energy 
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of the photoelectrons of lithium, sodium, and potassium at various 
wavelengths by the retarding-field method, found that the 
2 

quantity > is a linear function of the frequency difference 
v—v,, in accord with the Einstein law (5.1). From the slope 
of the straight lines obtained for the Planck constant, he found 
h—6.56 X 10777 erg sec. This value is in good agreement with 
the precise value (see p. 22) and is indicative of the high degree 
of accuracy of the Einstein law. Lukirsky and Prilezhayey (1926) 
carried out particularly detailed and extremely accurate quanti- 
tative studies of the photoelectric effect in the case of aluminium, 
nickel, copper, zinc, silver, cadmium, tin, platinum, and lead. 
The value of h as measured by these workers came out to 
6.55 X 107*' erg sec. 

Moreover, the intersection of the line representing the photo- 
electron energy as a function of frequency difference v— v, 
with the frequency axis yields the magnitude of the work needed 
to remove an electron from the metal hv, (a correction must be 
introduced for the contact difference of potential). For example, 
from the threshold frequencies thus determined and as found by 
Millikan (v, =4.39 X 10'* sec-* for sodium and v,— 5.70 X 10"* 
sec^' for lithium), we obtain the electronic work functions 
hv, = 1.814 eV (Na) and hy. ,— 2.355 eV (Li). 

In principle, the work function for removal of an electron 
from a metal computed from the threshold of the photoelectric 
effect should coincide with the magnitude of ep found from the 
temperature dependence of thermionic emission (see p. 15). In real- 
ity, such coincidence is a rare occurrence because of the extreme 
sensitivity of the work function value to the state of the metal 
surface (for instance, to the presence of minute impurities), which 
is complicated by the different conditions under which the pho- 
toelectric and thermionic processes occur (low and high tem- 
peratures), A 

The photoelectric efect is observed not only in the illumina- 
tion of metals (solid or liquid) but also in the case of solid or 
liquid non-metals and gases. In the latter case we are obviously 
dealing with the removal of electrons from the atoms and mo- 
lecules of the gas, which is ionisation of atoms and molecules 
(photoionisation). Designating the work needed to remove an 
electron from an atom by el (I is the ionisation potential) and 
noting that el corresponds to the work needed to remove an 
electron from the metal hv,, we rewrite formula (5.1) as 


2 E 
hy —el 4-27. (6.2) 


. 
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From (5.2) it follows that, like the long-wavelength threshold of 
the photoelectric effect k= , there should be a long-wave- 
length threshold of photoionisation defined by the equality 

hv =hv, =el. (5.3) 


The photoionisation of gases (and vapours) is detected by the 
appearance of photoelectrons due to irradiation: 


hv-+A=A*+e (5.4) 


(where A is an atom or molecule, A* is a positive ion formed 
by photoionisation, and e is a photoelectron), and also by the 
presence of a continuous absorption spectrum* associated with 
tae (5.4) process. Such a spectrum was, for example, observed 
by Kuhn (1932) in sodium vapour at wavelengths ÀA < å, 2412 A. 
The wavelength A, which corresponds to the long-wavelength 
boundary of the continuous absorption of light by sodium va- 
pour, obviously corresponds likewise to the long-wavelength 
threshold of photoionisation as determined by formula (5.3). 
Substituting into this formula the frequency v, that corresponds 
to this wavelength, we find 1— 5.138 V for the ionisation po- 
tential of sodium. 

Continuous spectra associated with the photoionisation of atoms 
are also observed in the case of X-rays (see below, p. 142). 

It may further be noted that, recently, cases have been re- 
ported of the photodetachment of an electron from a negative 
ion, that is, processes of the type 


hy +X-=X-te. (5.5) 


A determination of the long-wavelength boundary of the (5.5) 
process enables one to find the electron affinity of an atom (or 
molecule) X, E—hv,, which is the energy released in the for- 
mation of an X~ ion from a neutral particle X and an electron. 


6. Compton Effect 


One of the most convincing proofs of the existence of light 
quanta was given by Compton in 1923. Studying the scattering 
of X-rays by graphite, Compton found that in addition to the 
ordinary scattering known as far back as the time of Roentgen 
and occurring without any change in the wavelength, there is a 


* Continuous spectra are those containing all possible wavelengths (in a 
broad spectral interval). 
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type of scattering in which the wavelength of the scattered 
rays is increased as compared with the initial wavelength. This 
phenomenon became known as Compton scattering or the Compton 
effcet. 

ane theory of this effect was given by Compton and also 
Debye on the basis of the Einstein theory of photons. In photon 
scattering, the observed decrease in photon energy (which cor- 
responds to an increase in wavelength) indicated a certain loss 
of energy; this was naturally associated with the interaction of 
a photon with one of the electrons in the atoms of the scat- 
tering substance. Denoting the frequency of the photons under- 
going scattering (prior to scattering by v and after scattering 
through a certain angle q, by v,), the law of conservation of 
energy as applied to the process of Compton scattering may be 


written as 
hy =hv,-+-el-+ K, (6.1) 


where el is the work performed to remove an electron from an atom of 
the scattering substance and K is the kinetic energy of the “Compton 
electron”. However, since the X-ray quanta are usually three 
orders of magnitude in excess of the ionisation energy of the 
atom,* el in equation (6.1) may be disregarded, as if the scat- 
tering electron were free. Thus, considering Compton scattering * 
of a photon as its interaction with'a free electron, whose veloc- 
ity prior to collision is negligibly small compared with that 
after, the equation of conservation of energy may be rewritten as 


hy —hy, +K. (6.2) 


In the Compton and Debye theory, photon scattering on a 
free electron is interpreted as the collision of elastic spheres, i.e., 
it is taken that both energy and momenta are exchanged in the 
scattering process. Taking advantage of the relation of equivalence 
of mass and energy, 


E=Mc? (6.3) 
we obtain My for the mass of the photon Mph and, con- 
sequently, 

h 
Eph = (6.4) 


for its momentum. 


* In Compton’s experiments on the scattering of X-rays on hit 
was made of rays with wavelength 4 — 0.712 605 A, towhich here caben UN 
a quantum energy hv = 17,395 eV, Since the ionisation energy of a carbon 
atom is eI = 11.217 eV, in this case we have BY — 1550. 
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Then, assuming that the velocity of the Compton electron may 
be rather high and taking into account, in this connection, the 
dependence of electron mass on the velocity of the particle, we 
have, for the kinetic energy and momentum oi the electron, 


Kme G= 1) (6.5) 


EEE mep 
Ti VIF Ge 
Here, p=~ and m is the electron rest mass. 


To every photon scattered through an angle q there cor- 
responds a Compton electron (recoil electron) flying at a certain 


and 


Fig. 3. Compton scattering of a photon 


angle 0 to the incident photon (Fig. 3). Substituting (6.5) into 
(6.2) and writing the law of conservation for projections of the 
momenta of photon and electron on the initial direction of the 
photon and on that perpendicular to it, we get 


1 
hv—h c — 1), 6.7 
v v+ me (7S (6.7) 
h hv, 
T= us cos 0 -|- — cos q, (6.8) 
ee hve Qo 
Ai sin 9 -- — -+ sin q. (6.9) 
Considering the angle q given, we have three unknown quanti- 
ties, v,, 0 and f, which may be evaluated irom the three equa- 


lions ED, (6.8) and (6.9). 
A 0 and fp, we find 


Np 1 1 
ES ars == , 
v 14-a (1 — cos 9) 14 2a sint $ 
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where 


À, 
=!-+ asin $ 


and, substituting the value of a, as 


— Aem was © 
A, — A= Ah = sin. (6.10) 


As may be seen from expression (6.10), which’ is called Comp- 
ton’s formula, the change in wavelength in Compton scattering 
through a given angle q is independent of the original wave- 
length. Numerous experiments both by Compton and by other 
investigators confirmed the correctness of this result and also the 
dependence, which follows from the Compton formula, of the 
magnitude of AX upon the scattering angle. It will be noted 
that in accordance with formula (6.10) the wavelength of rays 
scattered in the direction of original propagation (p = 0) remains 
constant. The change in wavelength is a maximum for q— 180°, 
when it is AV ==" — 9.0485 Angstrom units. 

Simultaneous solution of equations (6.7), (6.8), and (6.9) leads 
to the following relationship between the scattering angles [7 
and 9 for the photons and Compton electrons: 


tana l.l (6.11) 


uns tan T. 


From equation (6.11) it follows that the Compton electrons 
fly only forwards. Let us show this for the case of small a (a<1), 
that is, for quanta, the energy of which hv is small compared 
with the energy mc*, which is equivalent to the electronic rest 
mass (mc'—0.51 MeV). In this case, equation (6.11) takes the 
form tan $——cot$, whence we find =$ —90. From the 
latter relation it follows that the values of angle q 0°, 90°, 180° 
270° and 360° correspond to the values of Angie $.— 90°, — 45°, 
0°, 45°, and 90°; that is, angle 9 lies in the fourth and first 
quadrants. 

Let us also:compute the kinetic energy of the recoil elec- 
trons K (6.5) as a function of the scattering angle. Taking advan- 


. 
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tage of (6.10), we obtain from (6.7) 


2a sin? $ ) 
K 2 

ee 6.12) 
8 1 4- 2a sin? T : 
From (6.12) it follows that when p=0°, K —0. K increases with 
the angle q, and at == 180° reaches a maximum: 


IR cu (6.13) 


It will be noted that 0 —0* corresponds to p== 180° (see above). 
Consequently, recoil electrons moving in the direction of the 
incident photon have maximum energy, which is small for small a, 
increases with a, that is, with the energy of initial quanta and 
at sufficiently large values of hv it becomes practically equal to 
hv (s. 1). 

The Compton effect is observed in the scattering not only 
of X-rays, but gamma rays as well, The first investigations of this 
eflect were likewise carried out by Compton, who studied the 
scattering of the y-rays of RaC on aluminium and paraffin 
(A==0.022A, hv —0.563 MeV). 

These and subsequent experiments with various wavelengths 
and various scattering substances likewise confirmed the validity 
of the Compton formula in the case of y-rays. 

Important for investigations of the energy of recoil electrons 
resulting from the scattering of y-rays is a method due to Sko- 
beltsyn, which consists in measuring the radius of curvature of 
the electron tracks observed in a Wilson cloud chamber situated 
in a magnetic field. 

The distinguishing feature of the Compton effect in the case 
of y-rays is that the spectrum of y-rays scattered by light ele- 
ments exhibits only a displaced line (A), whereas the spectrum 
of scattered X-rays exhibits, as a rule, both displaced and ini- 
tial (A) lines. According to Compton, this is due to the fact that 
atoms have strongly bound electrons, which cannot be considered 
as free, and, moreover, can be torn out of the atom only by 
y-rays, which are harder (of shorter wavelengths) than X-rays. 
For this reason, the scattering of X-rays on these electrons is 
ordinary (non-Compton) scattering that occurs without any change 
in wavelength. 

For this same reason, visible light, the quanta oi which have 
energies less than the ionisation potential of any atom. does not 
exhibit the Compton effect. 


+ 
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It may be added that a refined theory of the Compton effect 
was subsequently developed. It corroborated the results of the 
elementary Compton-Debye theory and also permitted evaluating 
the probability of the scattering process (for various v and 9), 
which cannot be done within the framework of the elementary 
theory. 


7. Wave-Particle Duality 


Wave and corpuscular optics. The history of modern optics is 
in large measure a history of the struggle of two theories: the 
corpuscular and wave theories of light. The corpuscular theory, 
which represents light as a stream of particles (corpuscles), is 
usually attributed to Newton, although Newton himself made use 
of both the corpuscular view (which he frequently preferred) and 
the wave concept. * Almost at the same time that Newton for- 
mulated the corpuscular theory (1672), Huygens (1678), in his 
"Traité de la lumière”, formulated the wave theory of light. ** 
According to Huygens’ views, which held their ground in physics 
for 140 years, light consists of longitudinal oscillations of an 
“ethereal matter” undergoing propagation in space with a certain 
finite velocity. Using a principle (Huygens’ principle) which he 
formulated for the construction of the front of a propagating 
light wave, Huygens gave a clear explanation of the laws of 
reflection and refraction of light. However, Huygens’ wave theory 
did not consider either the phenomenon of diffraction of light then 
known or the Newton rings; also absent was the concept-of wave- 
length. Thus, this theory was actually confined to geometrical 
optics and did not deal with the phenomena of physical optics. 
The fact that the corpuscular theory of light prevailed through- 
out the eighteenth century is to be explained by the incomplete- 
ness of the Huygens theory and also by the absence of any 
significant discoveries in physical optics. 

The first blow to the corpuscular theory was dealt in 1801 by 
Young, who introduced the concept of the interference of light, 
which is alien to this theory, and explained the Newton rings 
on the basis of this concept. At the same time, Young found a 
way of determining the length of light waves (by means of the 
Newton rings). In 1809 Malus discovered the polarisation of light; 
this led Young to the idea of the transversality of light oscil- 


* Descartes (1630) was one o 
adhered to the corpuscular view. 


** Prior to Huygens, wave concepts on the natu li 
by Hooke (1009). pP e nature of light were developed 


f Newton's most immediate predecessors who 
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lations (1817), which was further developed in the experiments 
of Fresnel and Arago (1819), who showed that rays polarised at 
right angles do not interfere. An important role in establishing 
the wave theory of light was played by the diffraction theory of 
Fresnel (1818) based on the Huygens principle and the interfe- 
rence of light waves. The wave theory was brought to completion 
by Maxwell's electromagnetic theory of light (1865), which became 
generally recognised through the experiments of Hertz (1888) with 
electromagnetic waves. Due to the successes of the wave theory, 
by the start of the twentieth century the corpuscular theory of 
light was practically abandoned. 

However, in this century it was revived on the basis of new 
discoveries in physics; first among them is the discovery of the 
photoelectric eflect and of quanta of radiant energy. We have 
already pointed out (Sec. 5) that all the experimentally established 
regularities of the photoelectric eflect could not be accounted 
for on the basis of the wave theory of light and were fully inter- 
preted only by means of the photon theory (Einstein, 1905). Lat- 
er (1923), this same theory made possible a brilliant interpreta- 
tion of the Compton effect (Sec. 6). 

As has already been pointed out (pp. 20 and 23), the photon theory 
did not confine itself to recognising Planck's postulate of the 
quantum nature of absorption and emission of light by advanc- 
ing the concept of light quanta, the quantum nature of light; 
in the photon theory, light quanta (or photons) are endowed 
with corpuscular properties: a definite energy (hv), velocity (c), 


mass e , and momentum (hy i 
c vel 


The photon theory, or the corpuscular theory of light, which 
described such phenomena as the photoelectric effect and the 
Compton effect that could not be accounted for on the basis of 
the wave theory of light, proved (in turn) to be helpless in 
explaining a broad range of optical phenomena, first of all the 
interference and diffraction of light, which are readily understood 
in terms of wave concepts. Thus, the wave theory concepts should 
by no means be rejected as a consequence of the successes of the 
photon theory. The bulk of information concerning the properties 
of light compels us to recognise that light possesses both corpus- 
cular and wave properties, but in certain phenomena corpuscular 
properties predominate, in others, wave properties. Furthermore, 
manifestation of the properties is frequently dependent upon the 
conditions under which the given optical phenomenon occurs. 
For example, the wave properties of light are most evident when 
the waves are propagated in a confined space having dimensions 
commensurable with the wavelength. To illustrate, a beam of 
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parallel rays passing through a slit, the width of which is large 
compared to the wavelength, obeys the laws of geometrical optics 
(rectilinear propagation of light), and in this case the propaga- 
tion of light in space is equally well described on the basis oí 
wave and corpuscular concepts. When a beam of parallel rays 
passes through a narrow slit, we have diffraction of light (Fraun- 
hofer difiraction), which is characteristic of wave optics. For this 
reason, to observe the interference of X-rays, one has to make 
use of a diffraction grating with a constant of the order of 1A, 
that is, of the order of wavelength of X-rays. Such gratings, it 
will be recalled, are crystals characterised by crystal-lattice pa- 
rameters (the distances between crystal planes) precisely of this 
order of magnitude. 

One of the expressions of wave-particle duality, i.e., the dual- 
ity of properties underlying the nature of light, is the existence 
of a direct relationship between the corpuscular and wave char- 
acteristics of light. Thus, according to Planck’s relation (4.11) 
the photon energy hy, which is a corpuscular characteristic of 
light, is associated with its wave characteristic (the frequency 
of light oscillations). In the same way, the momentum of the 


photon gat (6.4) turns out to be connected with the length 


of the light waves =£ by the relation 
h 
=F (7.1) 


(here, the subscript “ph” is omitted). 

Wave properties of particles. In 1924, de Broglie extended the 
wave-particle parallelism of optics to electrons, atoms, and mo- 
lecules, correlating with the motion of each particle a certain 
wave that characterises its wave properties. De Broglie connected 
this wavelength with the momentum of the particle g — mv (where 
v is the velocity and m the mass of the particle) establishing a 
relation similar to formula (7.1): 


h h 

a Mu SEE (7.2) 
This formula became known as the de Broglie relation. 

- Proceeding from the de Broglie theory, Elsasser (1925) con- 
cluded that when electrons pass through a crystal they should, 
like X-rays, exhibit the phenomena of interference and diffraction, 
Expressing the kinetic energy of the electron in terms of the 
potential difference V that accelerates the electron beam, 


m 2 
qo 


A= 
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or 
mv—Jp 2meV , 
we'obtain, from known values of charge and mass of the electron 
and on the basis of the de Broglie relation (7.2), 
d ous A (V in volts). 


From this expression it follows that am electron of energy 
150 eV is characterised by a wavelength of 1A. Consequently, such 
electrons should exhibit properties similar to the properties of 


nans 8) 
Fig. 4. Diffraction patterns obtained in the scat- 
tering, by silver, of a) X-rays of wavelength 0.71A 


and b) electrons of energy corresponding to the 
de Broglie wavelength, 0.645 A (after Wierl) 


light waves of wavelength X=1A. The diffraction of electrons 
as predicted by Elsasser is one of the manifestations of these 
wave properties. Electron diffraction was detected in the experi- 
ments of Davisson and Germer (1927) and in the later experi- 
ments of Thomson, Wierl, Shalnikov, and others. 

Stern (1929) and Johnson (1931) also established the diffraction 
of atoms of helium and hydrogen and molecules of hydrogen. 

Electron diffraction is similar to the diffraction of X-rays. 
When a beam of X-rays passes through a layer of some substance, 
one can observe, on a screen placed in the path of the rays scat- 
tered by this substance, a peculiar pattern due to interference of 
the scattered rays. When the scattering substance has a micro- 
crystalline structure, this pattern represents a system of concen- 
tric rings. An X-ray photograph obtained by Wier! for the scatter- 
ing of X-rays of wavelength 4—0.71 A by silver foil is shown 
in Fig. 4a. Fig. 4b is an electron diffraction pattern obtained by 
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Wierl in the scattering of a 36 keV electron beam by the same 
substance. Computing the momentum of the electron from the 
formula 


mcp Va 
2 


ENTE V 2mev +5 


which follows from equations (6.5) and (6.6) for K=eV, and 
substituting g into formula (7.2), we find 40.0645 A for the 
de Broglie wavelength. The close resemblance of both diffraction 
patterns shown in Fig. 4a and b indicates that both the scatter- 
ing of electrons and the scattering of X-rays obey the laws of 
wave optics. In other words, electrons must possess both corpus- 
cular and wave properties. 

We may add that in 1925 Goudsmit and Uhlenbeck demon- 
strated that the electron should have, in addition to an electric 
charge, an angular momentum and a magnetic moment. In connection 
with an attempt (which was unsuccessful) to interpret this electron 
property as due to rotation about its axis, the angular momentum 
of the electron came to be known as spin. Spin proved to be an 
extremely important property of the electron, one of prime sig- 
nificance for the physical interpretation of Mendeleyev's Peri- 
odic Law, and also for explaining many physical (magnetic, 
optic, etc.) and chemical properties of matter as well as for the 
theory of the structure of atoms and molecules and for solid-state 
theory. 

The development of our concepts of the electron, beginning 
with its discovery at the end of last century, is a brilliant illu- 
stration of the thesis of dialectical materialism that the universe is 
inexhaustible. Indeed, at first the electron was conceived of as a par- 
ticle (corpuscle) with a definite electric charge and mass. Let us 
provisionally attribute to the electron the shape of a sphere of 
radius a with an electric charge distributed uniformly over its 
volume and let us compute the electrostatic energy of this sphere 


E=5<. Now, on the basis of the equivalence of mass and 
energy (6.3), we obtain an expression for the radius of the 
electron: 
2 e 
decimis (1.8) 
From this expression it follows that a=2 X 10-'* cm. 
It seemed that this picture of the electron was exhaustive and 


final. But new discoveries showed that the particle concept of the 
electron did not by far exhaust all its properties and, conse- 
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quently, was one-sided. The electron was discovered to have wave 
properties; then the spin was discovered. The properties of the 
electron proved to be immeasurably richer than the properties of 
a corpuscle. In the light of these data, Lenin’s words on the inex- 
haustibility of the electron (1908) are truly prophetic: “...dialectical 
materialism insists on the transient, relative, and approximate 
character of all these stages in the cognition of nature by man’s 
progressing science. The electron is just as inexhaustible as the 
atom.” 


CHAPTER 2 
ATOMIC NUCLEUS 


8. Nuclear Charge 


Scattering of a-particles. The universality of the electron, 
whose properties are reflected in diverse properties of matter, leaves 
no doubt that electrons are fundamental structural elements of 
atoms and molecules. As for the positive charge of the atom, it 
was assumed in one of the first atomic models* proposed by 
J. J. Thomson in 1903 that it is distributed throughout the body 
of the atom. On this model, the atom is a positively charged 
sphere with a radius equal to that of the atom, i.e., of size of 
the order of 107* cm==1A.** The electrons are retained within 
the atom by the attraction of the positive space charge. 

This model, however, did not face up to the facts. A correct 
picture of the positive charge of the atom was obtained in expe- 
riments carried out by Rutherford and his colleagues on the 
scattering of a-particles by various substances (1911). These 
experiments demonstrated that fast a-particles produced in radio- 
active disintegration pass through matter and readily penetrate 
into atoms. The regularities observed are simply and effectively 
accounted for on the basis of the following model. When a-par- 
ticles approach an atom they experience a repulsive force which 
is inversely proportional to the square of the distance (Coulomb’s 
law) and is the cause of the scattering of the a-particles. The 
ease with which a-particles penetrate deep into the atom indi- 
cates that the bulk of the atomic mass is concentrated in its 
central part, or nucleus, the dimensions of which are negligible . 


* The first electrical model of the atom was proposed by Ampere (1825), 
who considered that the periphery of the atom had a charge opposite that 
of its central part. According to Ampere, the hydrogen atom had a positive 
charge and its peripheral part, a negative charge. 

** An idea of the size of an atom may be obtained by computing the 
volume V per atom of a solid body. Thus, from the density of solid sodium, 
@=0.971 g/cm? and its atomic weight. A — 23.00. we find the number of 


e 
atoms per cm? of the metal: n=" ; where Nå is Avogadro’s number 


equal to (6.02402 + 0.00017) 10% and, consequently, the volume V (er 


=39-4107** em?*, whence ac obtain the radius of a sodium atom: r—1.7x 
XI0-*' cm 
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(see below) when compared with those of the atom. Now from 
the presence of a Coulomb repulsive force it follows that the 
atomic nucleus, like: the a-particle, * has a positive electric 
charge. Assuming the nuclear charge of the scattering atom equal 
to Ze, where e is the elementary charge (the absolute magnitude 
of the electron charge), we obtain for the force of mutual repul- 
sion of the nucleus and a-particle 
fa 2% 


e CURVE 


where r is the distance between the centres of the «-particle 
and the atom (nucleus). 
A simple calculation shows that given this law of interaction 


of the nucleus and an a-particle, the portion of a-particles $ 


scattered through an angle 0(0 is the angle between the direction 
of the scattered a-particles and their original direction) within 
the solid angle d9 —2z sin 0d0 is expressed by the formula 


o nd (as ye. (8.1) 


N iny*7- 8. 
sin 4 7 


which was first derived by Rutherford and is called the Ruther- 
ford formula. Here, n denotes the number of atoms in unit volume 
of the scattering material, d is the thickness of the scattering 
layer, m, the mass, and v, the velocity of the a-particles. 

In the experiments of Rutherford and his colleagues, Ruther- 
ford’s formula was quantitatively verified by counting the scin- 
tillations produced when each c-particle impinged on a fluorescent 
screen placed behind the scatterer (metallic foil) at a certain 
distance R from it. It is convenient to alter equation (8.1) as 
applied to this experimental set-up. The area of the screen on 
which the «-particles that are scattered at angles lying between 
9 and 9--d) impinge is, obviously, dS—R*d9. Denoting the 
number of a-particles scattered through an angle 9 and impinging 
on lcm? of screen surface in 1 sec by N, (8), we will have 


dN 1 dN 
N, =i 7E SIE and, consequently, 2 
N,O nd / ze Ne 4 0 : 
x gs (=) sinia. (8.2) 


* As early as 1903, in experiments with a-particle deflection in a magnetic 
field, Rutherford found that the ratio of charge to mass in q@-particles cor- 
responds to doubly charged positive ions of helium He++. Somewhat later 
(1909), Rutherford and Royds obtained spectroscopic evidence for the com- 
plete identity of the a-particle and He* *. 
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Verification of the Rutherford formula with respect to depend- 
ence of the number of scattered a-particles on the scattering 
angle 9 and also on the velocity (energy) of the «-particles and 
the thickness of the scatterer showed that in the case of elements 
heavier than copper (Z— 29) it yields quantitative agreement 
with experiment for all o-particle velocities right up to maximum, 


equal to Eo and for all scattering angles (see below, Sec. 9). 


Whence it followed that in the case of heavy elements the inter- 
action of an a-particle with a nucleus obeys Coulomb’s law. 

The principal significance of this formula lies in the fact 
that, on the basis of a-particle scattering experiments, it permits 
determining the charge of the atomic nuclei of the scattering 
material. The first experiments carried out by Chadwick yielded 
the following nuclear charge Z: 29.3 (Cu), 43.3 (Ag), and 77.4 
(Pt), which, within measurement error, coincides with the num- 
bers of these elements in the Periodic Table, namely, 29, 47 
and 78, respectively. From these and also the latest experiments, 
it followed that the nuclear charge Z is always equal to the 
number of the element N in the Periodic Table. Since the posi- 
live charges are ordinarily associated with a mass equal to or 
greater than that of the hydrogen atom, and insofar as the 
absence of such masses in the atom outside its nucleus followed 
from @-particle scattering experiments, one can conclude from 
the equality Z—N that the positive charge of the atom is totally 
concentrated in its nucleus and is equal to Ne. Since under ordi- 
nary conditions atoms are electrically neutral, it follows that 
the number of electrons in any atom is likewise equal to the 
number of the given element in the Periodic Table. 

Scattering of X-rays. The same result is obtained also in 
X-ray scattering experiments. If we denote the energy of the 
primary rays by P, the energy of the rays scattered by unit 
volume of the scattering material, by S, then: the scattering 
factor that characterises the scattering ability of the given ma- 
terial may be defined as 

s 


S——— 


P 
or, referring Scattering to unit mass, as 


s 


=: 

o 
where ọ is the density of the scattering material equal to 
@=m, An (n is the number of atoms in unit volume, m, is the 


mass of the hydrogen atom, and A is the atomic weight of the 
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scattering material). From classical electrodynamics the following 
expression is obtained for the specific scattering factor s': 


, 8xeNA, Z Z 
S e 0404. (8.3) 


Thus, an experimental determination of the scattering factor 
s' enables us, on the basis of equation (8.3), to find the ratio 


E and, hence, the charge of the nucleus Z. The measurements 


of Barkla and others demonstrated that for all the elements they 
studied (with A< 27) s' is close to 0.2, whence it follows that 


TO ced 

ANCEOM ES 
that is, in the case of light elements the nuclear charge is equal 
to one-half the atomic weight. And since the atomic number 
and the atomic weight of these elements are, approximately, in 
the same ratio, the result obtained may be considered a corro- 
boration of the foregoing conclusion that the nuclear charge and, 
hence, the number of electrons in the atom is equal to the num- 
ber of the element in the Periodic Table. 

Thus, the hydrogen atom (first in the Periodic Table) has one 
electron, the helium atom, two, lithium, three, etc. The atom 
of the ninety-second element — uranium — has 92 electrons. It 
may be added that the a-particle, which has a positive charge 
of 2, is identical with the nucleus of the helium atom; this was 
established experimentally by Rutherford (see p. 37). In the same 
way, the proton, with its charge +1 and mass close to the 
mass of the hydrogen atom, turns out to be the nucleus of this 
atom. 


9. Size of the Nucleus 


When o-particles traverse a substance, they are both scattered 
(the characteristic sharp break in their trajectories) and slowed 
down without any change in direction of motion, as a result of 
which their path length in matter is finite. This diflerence in 
the type of a-particle trajectories is very clearly shown in cloud- 
chamber photographs (Fig. 5). In large measure, o-particles lose 
speed due to ionisation of the atoms which they encounter. This 
ionisation is evident from the increase in electrical conductivity 
and by the appearance of visible tracks of a-particles in a cloud 
chamber due to condensation of water vapour on the ions along 
the path of the a-particle. Cloud-chamber photographs show that 
in most cases the a-particle trajectories are straight-line, while 
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those with a sharp break (which occur when an @-particle inter- 
acts with an atomic nucleus) are very rare. This fact in itself 
is sufficient for one to conclude that the size of the nucleus is 
small compared with that of the atom. 


Fig. 5. Alpha-particle paths in helium (ste- 

reoscópic photo). Among the many rectili- 

near tracks, there is one which ends in a 

double fork caused by the flight of a deflect- 

ed a-particle and a helium atom that un- 

derwent impact (after Rutherford and 
Chadwick) 


The same conclusion is also drawn from the fact that 
‘Coulomb’s law (which assumes point charges) is very well ful- 
filled in the scattering of a-particles at sufficiently large angles, 
when the distances between the a-particles and the nucleus are 
considerably less than the size of the atom. 

Let us calculate the minimum distance between an a-particle 
and a nucleus (rnin) that corresponds to a certain impact para- 
meter p (Fig. 6). In polar coordinates (r, g), the laws of con- 
Servation of energy and angular momentum lor an o-particle- 
nucleus system are written as 


, r 9e? 2 2 
> (Hrg) Lm , mr'g— mvp, 


Siri adag ete 
where r= =F and z is the energy of an a-particle at 


3 infinite distance from the nucleus. From these equations we 
obtain 


m (-,, vip 2eZ mv: 
e) LEES E 
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When r—r,;, r—0, and the preceding equation is rewrit- 
len as 


smn AEDES quoez qo AVE 
2 Fia STE on 
Solving this equation for r,,,, we find 
2027 fet a 
Tata e(l + yh + (7) p). (9.1) 


diminishes 
with decreasing impact parameter p, and for p=O (central 
impact) it assumes the least possible value 


2 
Whence it is seen that for given Z and z5, Do 


"E 4e 


min my?" (9.12) 
Rewriting this expression in the form 

p7 27 2 

HE . 93) 


we see that in the case of a central impact at a distance of 
closest approach of the e-particle to the nucleus, the potential 


Fig. 6. The scattering of an a-particle by a nucleus. 


energy of their Coulomb repulsion is equal to the original kinetic 
energy of the a-particle. 
When p—0 the scattering angle 9 (see Fig. 6) is, obviously, 
180°. Since for sufficiently large p the scattering angle may be 
- arbitrarily small, it is clear that there should be a direct rela- 
tionship between the scattering angle and the impact parameter 
and, consequently, between 0 and r,,,. Indeed, in polar coordi- 
nates the equation of an a-particle trajectory in the nuclear 
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field is of the form 


pua 2e*Z 
US + cos @). 
Since at r— co the angle q should equal the Scattering angle 
(see Fig. 6), from this equation we obtain 


P= cots (9.3) 


Which is the relationship between p and 9 that is needed. 
Substituting (9.3) into (9.1), we obtain the following relation 


between Tmin and 0: 
208% 1 + sin-> (0:4) 
Tmin = s Saas . 
sin — 


From (9.4) it is seen that r,,,, has the smallest value for a scat- 
tering angle 0 — 180°; this value satisfies relation (9.2). 

The distance of closest approach of the a-particle to a nu- 
cleus is, obviously, the upper limit of the nuclear radius (more 
precisely, the sum of the radii of the nucleus and the a-particle). 
To compute rain we can take advantage of (9.4). Since, on the 
basis of experiments in the scattering of the o-particles of RaC 
by gold, formula (8.2) is fulfilled even for scattering angles as 
large as 150°, whence follows the validity of (9.4), let us com- 
pute, by means of this formula, the value of Tmin that corresponds 
to $= 150°. Substituting into (9.4) &8—150°, pen and the 
velocity of RaC «-particles v= 1.992 X 10° cm/sec, we find 
Iq — 2.8 X10- em, the atomic radius being 1.8 X 107* em. 
Thus, it may be concluded that the size of the nucleus of an 
atom of gold should be less than the size of the atom by a factor 
exceeding 6000. 

We can also obtain an approximate picture of the dimensions 
of the atomic nuclei of heavy elements from the following reason- 
ing. From experiment it is known that only the nuclei of rela- 
tively light elements can be artificially decomposed through 


by means of formula (9.1) for the «particles of RaC, 
Imin 70.30 X 107" Zem, which for lead (Z=82) yields 
Den = 29 I0 ES Consequently, as in the case of gold, we 
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may state that the radius of an atom of lead must be less than 
3 x 10521 em. 

More exact data on the dimensions of the atomic nucleus are 
given by investigations of the so-called anomalous scattering of 
a-particles. As has been pointed out (p. 37), the Rutherford for- 
mula (8.2) is strictly fulfilled only in the case of heavy elements, 
whence we concluded that in this case the field of the nucleus 
does not differ from a Coulomb field at the minimal distances 
of a-particle approach to the nucleus. But in the case of light 
nuclei (Z< 29) at large scattering angles we observe anomalous 
scattering of a-particles, which is evident from the discrepancy 
between the measured number of scattered a-particles and the 
number computed from equation (8.2). This discrepency is parti- 
cularly great in the case of hydrogen and helium where the 
observed number of scattered a-particles is 10 to 20 times that 
calculated from the Rutherford formula. The reason for anoma: 
lous scattering should be sought in the deviation of the nuclear 
field from a Coulomb field; this becomes perceptible at small 
values of rmi that correspond to small Z and large scattering 
angles. Recent investigations have shown that the deviation is 
due to superimposition of forces oj attraction on the Coulomb 
force of repulsion, the action of the attractive forces being in- 
dependent of the charge of the particles and rapidly falling off 
with distance between the particles (see below). Identifying the 
range of these forces with the radius of the nucleus a, we can 
determine the magnitude of a as the distance between an a-par- 
ticle and the nucleus at which normal a-parti-le scattering passes 
into anomalous scattering. Accordingly, r,;,,—a is obtained from 
equation (9.4). 

Studies of anomalous scattering show that the magnitude of 
a increases with Z and may be expressed approximately by the 
empirical formula 


2-2» 101817 7: (9.2) 


Thus, the radius of an atomic nucleus is of the order of 
107 —10-'* em. Another empirical formula for the nuclear 
radius is 


a=1.45X 10-7” 7 A) (9.6) 


where A is the atomic weight (mass number) of the given ele- 
ment. 

It may be noted that the distribution of electricity and mass 
in the atom, as established on the basis of c-particle experi- 
ments, led to the planetary model of the atom with the nucleus 
as the "sun" situated at the centre, and the electrons as 
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“planets” revolving round the nucleus. This model was proposed 
by Rutherford (1911) and subsequently ‘utilised by Bohr as the basis 
ol his atomic theory. 


10. Radioactive Transformations of the Elements 


Radioactive families. Radioactivity was discovered by Becque- 
rel in 1896. The existence of radioactive elcments, that is, of 
elements that convert into other, lighter, elements with the 
emission of e-particles (a-active elements) and of elements that 
convert into adjacent elements with the ejection of B-particles 
(B-active elements) is irrefutable proof of the complex structure 
of atomic nuclei. This tendency to spontaneous disintegration 
is especially characteristic of heavy elements and accounts for 
the relative instability of their nuclei. The degree of stability 
of the nucleus of a given element is characterised by its half- 
life T, , which is the time during which one-hal of the initial 


2 
quantity of the element disintegrates (decays). Measurements of the 
magnitude of Ti are based on an analysis of activity curves of 


2 

radioactive substances. These are curves that give the radiation 
intensity as a function of time. The difficulties of this analysis lie 
in the fact that, ordinarily, one has to deal not with a single 
radioactive element, but with a more or less complex mixture 
consisting of the original element and its decay products. 

The decay of each element (and, hence, its activity) obeys 
a *monomolecular" law 


—Ẹ =n (10.1) 


where n is the number of atoms (concentration) of the element 
at a time t, and X is the decay constant of the element. Inte- 
grating equation (10.1), we obtain 


n= ezt (10.2) 


where n, denotes the concentration of the element at time t=0 
For the case of a chain of radioactive transformations 


n,—n,—n,—...—+n;—... 


we have a system of differential equations 
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d 

ae an, — 4,0, 

dn; 

di = Aja Dy Aini, 


The overall activity I measured by some instrument (for example, 
an ionisation chamber) is in this case expressed by the equation 
I=k, Mn, + kn, 4- ... Hkn ..., 
where the coefficients k, account for the susceptibility of the 
instrument to the radiation of the element. By integrating the 
foregoing system of equations it can be shown that I as a func- 
tion of time is a sum of terms, each of which is proportional 

to the respective function e~»it, 
Thus, in the simplest case of a chain of two elements, 
n, —n,, integration of the two differential equations yields 


eat o ka A, =t LEM -«] 
=kan[(I Brey) e ghey 


We see that already in the very simplest case the activity I is 
a composite function of time. However, over definite time inter- 
vals, namely, when the conditions t > 1/A, and tæl, or tS 1/A, 
and A,tz-1 are fulfilled, the magnitude of 1 will be proportion- 
al to et and, accordingly, to e—t, Within these time inter- 
vals we will have Inl as a linear function of time. It is from 
the slopes of the corresponding straight-line sections of the curve 
InI, t (one for small t and the other for large t) that the-decay 
constants A, and 4, can be determined. It is thus possible to 
find the values of the decay constants also for chains involving 
more than two elements. In the case of long chains or close 
values of 4, the complex mixture of elements should be separat- 
ed into simpler mixtures. 

The decay constant of every element is connected with its 
half-life by the following relation: 


Tom. (10.3) 


As a result of the painstaking work of scientists, the half-lives 
of practically all the known radioactive elements have been 
determined. , 

To illustrate, we give the half-lives of a chain of radioactive 
transformations beginning with the a-decay of radium and ending 
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in the formation of nonradioactive lead RaC"* (as a result of 
the a-decay of polonium Po’ and also the f-decay of the 
thallium isotope RaE?**). Notice the branching of the chain, for 
example, when RaC passes into RaD. It is due to the fact that 
RaC is capable both of a and f-decay (of the RaC nuclei under- 
going transformation, only 0.04% undergo a-decay and 99.96% 
experience p-transformation). 


Transformation scheme of radium and its decay 
products 
Rd, “Fiy, Ray, "At, Pos! Bü. Pb, Th,” 
pau a SEU a Raat" CRAB 
1620 yrs 3.825 days By 3.05 min B,v 26.8 min 
At a Rac?" a Rac”? 
3 sec 619.7 min 61.32 min 
Rac?" a Rab?" 
1.5 1074 sec B22 yrs 
a n: 
RaE*''* RaE 206 
p^5 days p, 4.23 min 
210 a o 
Poise ,RaG* s 
138.4 days (stable) 


The elements of this chain of transformations form part of 
a series, or family, of radioactive substances called the uranium 
series; it is characterised by mass numbers A==4n-}+-2 (where n 
is an integer). Of the naturally occurring radioactive elements, 
two other analogous series have been established: the thorium 
series described by mass numbers A —4n and the actinium series 
with A — 4n +3. Later, it was shown that the artificially obtained 
new radioactive elements (see below) form a fourth, missing, 
series, which is sometimes called the neptunium series characte- 
rised by mass numbers A =4n + 1. 

Since the charge of an a-particle is equal to two elementary 
charges, its ejection causes the charge of the nucleus of the 
element to diminish by two units. The resulting. new element is 
shifted two columns to the left in the Periodic Table relative to 
the original element. A new element produced by a single f-decay 
is shifted one column to the right of the original element, thus 
corresponding to an increase in the nuclear charge and, conse- 
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quently, in the atomic number by unity. This is the essence of 
the radioactive displacement law of Fajans and Soddy (1911-13). 

From this law it follows that an element which has lost one 
a- and two p-particles in succession returns to its original place 
in the Periodic Table. Such, for example, is lead RaG?* in the 
foregoing scheme of radioactive transformations. It is obtained 
irom RaD2° as a result of the emission, by the latter, of two 
p- and one «-particle.* We thus have two elements, RaG?* and 
RaD*’, occupying one and the same place in the Periodic Table; 


consequently, they are chemically identical but have diflerent 
atomic weights, since the ejection of a single a-particle involves 
a decrease in atomic weight by 4. 

Isotopes. Elements with the same atomic number and, for 
this reason, with identical nuclear charge and number of electrons 
but with different atomic weights are called isofopes. This term 
was introduced in 1910 by Soddy, who, in order to account for 
the fact that even at that time the number of known radioactive 
elements exceeded the number of places in the Periodic Table, 
presumed the existence of varieties of radioactive elements that 
difler in atomic weight (mass number) and in radioactivity, but 
have identical chemical properties ** and, consequently, occupy 
the same place in the Periodic Table. Soddy called these varieties 
isotopes, which is in full accord with later concepts of chemical 
elements (that the atomic number and not the atomic weight is 
the chief characteristic of an element). 

Scientists at first inclined to the view that isotopism is found 
only in radioactive elements and is associated with radioactive 
transformations. However, already in 1912, J. J. Thomson, while 
studying the deflection of a beam of neon ions in electric and 
magnetic fields parallel to each other and perpendicular to the 
direction of flight of the ions, demonstrated that there are two 
varieties or two isotopes of this element possessing mass numbers 
20 and 22. *** The fundamental significance of this discovery was 
that it proved that stable elements too could have isotopes. 

The method of measuring the masses of gaseous ions in an ion 
beam (first used by J. J. Thomson) was considerably refined by 


* Here, as in the foregoing scheme of radioactive transformations, the 
superscript of the symbol of the chemical element denotes the mass number 
(A), the subscript, the atomic number (Z). 

** Earlier still, Butlerov (1881) and Crookes (1886) believed in the 
existence of varieties of a chemical element differing by mass. 

*** Later, a third stable isotope of neon with mass number 2} was discov- 
ered. The percentage content of isotopes 20, 21, and 22 in natural neon is 
90.00%, 0.27%, 9.73%, respectively. Neon's atomic weight is 20.18. 
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Aston, who in 1919 devised an instrument known as the mass 
spectrograph. In Aston’s mass spectrograph, the ion beam first 
enters an electric field perpendicular to it and is dispersed into 
a spectrum, the slower ions being deflected more than those with 
higher velocities. The ions then enter a magnetic field perpendi- 
cular to the electric field and to the direction of motion of the 
ions. This field deflects them in a direction opposite to that pro- 
duced by the electric field. Besides, the magnetic field focuses 
ions of different velocities but identical masses on a certain plane. 
When ions with different masses (or, to be more precise, with 
different charge-to-mass ratios) are present, we obtain, in the 
focal plane, a number of images of the slit (which separates out 
the original beam) in the form of lines similar to optical spectral 
lines. The mass spectrum is photographed by placing a photo- 
graphic plate in the focal plane. 

Aston’s mass spectrograph was subsequently refined consider- 
ably. Then came mass spectrometers with electrical and not 
photographic recording. Most common at present is the mass 
spectrometer in which a magnetic analyser admits ions with very 
slightly divergent velocities (monoenergetic ions), thus dispensing 
with a deflecting electric field. In a uniform magnetic field, the 
ions move in circular paths, the radii of which are defined from 
the condition of equality of the magnetic force evH acting on | 
the ion (e and v are charge and velocity of the ion, H is the 
magnetic field intensity) and the centrifugal force mv?|r. Ex- . 
pressing the kinetic energy of the ion in terms of the ion-accele- — 
rating potential difference, mv*/2—eV (where m is the ion mass 
and V the potential difference), we obtain, from the preceding 
formula, 

m 1 H*r? 

jeunes DV (10.4) 
Thus, given H and V, a definite radius of the circular path cor- 
responds to ions characterised by a definite m/e value. In mass . 
spectrometers with r fixed and determined by the position of the 
respective slits, H or V are varied, and ions of one kind or 
another are directed into the slit of the receiver. The mass 
spectrum thus obtained is usually registered by means of a self- 
recording instrument. ; 

The principle of the mass spectrometer that utilises mono- 
energetic ions was proposed by Dempster (1918),* who first ap- 
plied it in 1921 to study the isotopic composition of alkaline met- 
als by analysing positive ions emitted by the heated salts. of 


_™ This principle was still earlier utilised by Classen t i i : 
ment which he used to measure the specific SURE charge (1907) e 
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these elements. In 1924, a mass spectrometer of the same design 
was used by Kondratyev and Semyonov to Study the action of 
electrons on the molecules of alkali-halogen salts. 

The principal significance of the mass-spectrographic  irivesti- 
gations carried out by Aston and later by Dempster, Bainbridge 
and others lies in the fact that the isotopes of a large number 
of elements were discovered. This was proof of the universality 
of isotopism. Some of the isotopes were discovered spectroscopi- 
cally. Finally, a large number of radioactive isotopes were dis- 
covered by radiochemical methods. The number of isotopes dis- 
covered every year increased especially after 1939 with the dis- 
covery of the fission of atomic 
nuclei (see below), Whereas in 
1938 the number of known iso- 
topes of all the elements was 260, 
in 1946 it was 630, and in 1957, 
over 1300. Which gives an aver- 
age of 13 isotopes per element. 

Fig. 7 is a mass spectrum of Fig, 7, Mass spectrum of germanium 
germanium (obtained by Bain- (after Bainbridge) | 
bridge) containing five lines, which 
correspond to isotopes 70, 72, | 
73, 74, and 76. The. different intensity of the lines is due 
to different isotope abundances, which may be determined by 
measuring ion currents that correspond to ions of different masses! 
The following percentages of abundance were thus obtained 
for the five isotopes of germanium: 21.2 (70); 27.3 (72); 7.9 (73); 
37.1 (74); and 6.5 (76). All these isotopes, like the majority of 
isotopes detected by mass-spectrometric methods, are stable. In 
addition, there are eight radioactive isotopes of germanium with 
masses 66, 67, 68, 69, 71, 75; 77 and 78. 

In connection with the isotopic composition of elements, we 
note the following very essential circumstance. The atomic 
weights of many elements in the Periodic Table differ greatly 
from whole numbers. For instance, the atomic weight of chlorin» 
is 35.456. With the discovery of chlorine isotopes it became 
clear that its fractional atomic weight is due to the simple fact 
that this element is a mixture of two stable isotopes with atom- 
ic weights 35 (Cl) and 37 (Cl'"), and the measured atomic 
weight of chlorine is, therefore, a mean value of these two. At 
one time it was thought possible to explain the deviations of 
atomic weights from whole numbers in this manner, and it was 
believed that the atomic weights of the pure isotopes are in all 
cases strict integers. However, accurate measurements of the 
atomic masses showed that the deviations of atomic weights from 


33038 
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integral values represent very specific quantities. To illustrate, 
the atomic weights-of the above-mentioned stable isotopes of 
chlorine turned out equal to 34.98004 + 0.00005 and 36.97766 + 
-++0.00005. As we shall see later on (Sec. 13), these deviations 
play a very significant role in the theory of the atomic nucleus, 

At present the atomic weights of over 600 isotopes have been 
measured with great accuracy. Naturally, the atomic weights of 
the light isotopes have been measured with particularly high ab- 
solute accuracy. The atomic weights of all known isotopes of 
elements from hydrogen to neon are given in Table 1. 


Tablel 
Atomic weights (masses) of the isotopes of light elements 


Isotope: Mass Isotope] Mass Isotope| Mass [isotope Mass 


H' 1.008146 | Be? 7.019153 | Cl | 14.007698 | O!* | 18.004888 
H? | 2.014741 | Be* 8.007849 | C'5 | 15.0141 O'* | 19.0092 
H* 3.017003 | Be* 9.015042 | N!*| 12.02280 | F" | 17.007496 
He'| 3.016983 | Be'^ | 10.016717 | N'*| 13.009877 | F'* | 18.006683 
Het} 4.003877 | B® 9.016192 | N'* | 14.007531 | F'* 19.004454 
He*| 5.01390 BY 10.016118 |. N' | 15.004877 | F#° | 20.00635 
He*| 6.02083 Be 11.012796 | N!*| 16.01124 | Ne'* | 19.007951 
Li* | 5.01379 BY 12.018172 | N'' | 17.01632 || Ne?" | 19.998798 
Li* | 6.017028 | C° 10.02034 O'* | 14.01305 || Ne?! | 21.000525 
Li? | 7.018225 | C" 11.014931 || O18 | 15.007782 || Ne** | 21.998336 
Li* | 8.025026 | C"? .| 12.003817 | O'* | 16.000000 | Ne?’ | 23.001722 
Li? | 9.03007 Cu 13.007488 | O' | 17.004536 


It will be noted that in Table 1 the unit of atomic weight 
is 1/16 the atomic weight of the oxygen isotope O'*. This unit 
is called the physical unit of atomic weight in contrast to the 
chemical unit, which is equal to 1/16 the atomic weight of oxy- 
gen. Since the abundance of oxygen isotopes corresponds to the 
following percentage content: 99.76 (0'*), 0.04 (0), and 0.20 (0'*), 
it is easy to show that the physical unit of atomic weight is 
0.0273 % less than the chemical unit. 

The mass values given in Table | are the relative masses 
(atomic weights) of isotopes M and are connected with the ab- 
solute masses of the corresponding atoms m (expressed in grams) 
by the relation 


M 
m=, (10.5) 


where Na is Avogadro’s number, which corresponds to the phy- 
sical unit of atomic weight, and Na — (6.02566 + 0.00016) 10° 
(the value of N, that corresponds to the chemical unit of atom- 
ic weight is (6.02402 + 0.00017) X 10**). 
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11. Artificial Nuclear Disintegration 


Nuclear reactions. Exceedingly fruitful investigations into the 
artificial splitting of nuclei that opened a new era in nuclear 
physics began with the experiments of Rutherford (1919), who 
succeeded in demonstrating that the bombardment of nitrogen 
(and also a number of other elements) with RaC-emitted a-par- 
licles gives rise to fast H-particles (protons) which result írom 
interaction of the a-particle with the target nucleus. That this 
is precisely the origin of H-particles is obvious from the follow- 
ing. First of all, measurements show that the velocities of 
these H-particles considerably exceed those that can be acquired 
by an H-atom nucleus in an elastic collision with an a-par- 
ticle. What is more, the kinetic energy of the H-particles pro- 
duced in the bombardment of aluminium turns out greater than 
that of the bombarding «-particles. Finally, the detection of 
H-particles flying in a direction opposite to that of the a-par- 
ticles is cogent proof that there can be no other source of H-par- 
ticles except the interaction of 
the a-particle with the target nu- 
cleus, All these observations may 
be interpreted as follows: under 
the influence of the perturbing ac- 
tion of the a-particle there is a 
rearrangement of the nucleus ac- 
companied by the ejection of a 
proton. A more detailed picture 
of the mechanism of this process 
is given by the experiments of 
Blackett (1925), who studied the 
process of disintegration of a ni- 
trogen nucleus by means of a cloud 
chamber. In addition to the 
straight a-particle tracks, Blackett 
photographed forked tracks that 
represented the path of an a@-par- Fig 3j, Paths of a-particles in 
ticle prior to its collision with a nitrogen (after Blackett). The fork 
nitrogen nucleus and the paths represents the tracks of an H-par- 
of the products of interaction be- ticle (fine line on the left) and an O* 
tween an a-particle and an N“ nucleus (heavy line to the right) 
nucleus. Fig. 8 shows one of the 
photographs obtained by Blackett. It will be seen that one of 
the paths ends in a double fork. The left-hand (long) branch of 
the fork is the path of an H-particle that has formed. The fact 
that there are only two (and not three) branches shows that 


3* 
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ihe o-particle and the nucleus, which has lost an H-particle, 
cease to exist as independent nuclei after the collision and 
merge to form the nucleus of a new element, which originates 
simultaneously with the ejection of the H-particle. In Fig. 8, 
ihe second, shorter branch of the fork is precisely the path of 
ihe nucleus of this new element. Thus, the process under exa- 
mination may be represented by the following equation, similar 
to conventional chemical equations: 

: Hei + Ni* —O:?' +H. 

Here it is taken that the oxygen isotope OY is the product of 
this nuclear reaction along with. the H-particle. This conclusion 
follows of necessity from the laws of conservation of mass (mass 
number) and nuclear charge. 

Later, Rutherford and Chadwick discovered similar reactions 
of a-particles with the nuclei of B, F, Na, Mg, Al, Si, P, S, 
Cl, and K. All these reactions result in the production of a 
proton and a new element which in the Periodic Table follows 
ihe bombarded element. Subsequently, the list of reactions of 
this type was considerably extended. The general iormula for 
ihese reactions may be written as 

Hei 4- X 2 Y211--Hi. 
The conservation of mass and nuclear charge in such transfor- 
mations is ensured by equality of the sums of the subscripts 
and superscripts on the left side of the equation (4-++-A and 
3 245 TUNE ARES a ones on the right side (A--3--] 
an : 

We note that reactions of this type are customarily denoted 
by the symbol Z^ (x, p) (Z4 1)^ **, or, more simply still, (œ, p). 

Neutron. A study of the reactions of o-particles with the nuclei 
of light elements led Chadwick to the discovery of the neutron 
(1932), which is a particle with mass close to that of the proton 
and with zero charge. Neutrons were found to be produced by 
a-particle bombardment of Li, Be, B, F, Ne, and other elements. 

Characteristic of neutron radiation is its great penetrating 
power due to the low absorption coefficient of neutrons in mat- 
ler. Since neutrons cannot ionise atoms and molecules, various 
indirect methods are used to detect them. One is based on the 
observation of recoil nuclei, which are fast atoms produced in 
elastic collisions of a neutron with the nucleus of some atom. 
Recoil nuclei are readily detected by the ionisation they pro- 
duce in an ionisation chamber or cloud chamber or else by ac- 
tivation of nuclear emulsion due to recoil nuclei: after the 
emulsion is developed, there appears a chain of grains (track) 
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which can be seen under a microscope and represents the path of 
the recoil nucleus. This is similar to the chain of droplets that 
makes the path of a fast ion visible in the Wilson cloud chamber. 

As follows from the theory of collision of elastic spheres, 
the energy conveyed from one sphere to another during a colli- 
sion is particularly great when they have the same mass, When 
a moving sphere collides head-on with a stationary one of the 
same mass, the entire energy of the former is transmitted to 
the latter. For this reason, fast recoil atoms are especially read- 
ily formed in the passage of neutrons through hydrogen-contain- 
ing substances (for example, paraffin), the atoms of which, as 
has been pointed out, have mass close to that of the neutron. 
This accounts, in particular, for the sharp increase in current 
when paraffin is introduced into an ionisation chamber that has 
been neutron-irradiated.. The current increase was discovered by 
Curie and Joliot and correctly interpreted by them as due to 
the appearance of fast protons (recoil protons). 

The general formula of a neutron-producing nuclear reaction 
with an «-particle may be written as 

a +XZ=Vititn 
where n is the neutron. This reaction may also be written as 
Z^ (a, n)(Z-+-2)4** or as (a, n). 

The interaction between an a-particle and a nucleus is not 
the only source of neutrons. Neutrons are produced in the bom- 
bardment of various nuclei by protons and deuterons (the nuc- 
lei of heavy hydrogen H*, or deuterium, D), and also in a num- 
ber of other reactions (see below). The use of particles which 
possess less charge and are lighter than the o-particle has cer- 
tain advantages. First of all, the smaller the charge of the bom- 
barding particle, the closer it approaches the nucleus for a giv- 
en kinetic energy (see Eq. (9.1a)) and, consequently, the more 
readily it interacts with the nucleus. Further, as follows from 
the theory of a-decay (Sec. 15), the probability of penetration 
of fast particles into a nucleus increases radically with decreas- 
ing mass of the particles. Finally, of no small importance is 
the possibility of obtaining powerful beams of protons and deute- 
rons artificially in modern high-voltage ion accelerators. 

_ One of the common “natural” sources of neutrons is a radi- 
um-beryllium source* in which the neutrons are obtained in the 
reaction 


a; + Be; — C -+ ns. 


* A mixture of radium-salt powders (usually RaBr,) and metallic beryllium 
sealed in a copper or glass ampoule. 
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The neutron yield of a source with 1 gram of radium is 10’ 
neutrons per second. This is practically the limit for natural 
neutron sources in which the o-particles are produced by radium de- 
cay, because of the comparatively low activity as well as the high 
cost of this element. In contrast to the natural sources of q- 
radiation, the possibilities of obtaining powerful ion beams arti- 
ficially are almost unlimited. 

The first nuclear reaction investigated by means of artifici- 
ally obtained fast particles was that of a proton with a Li* 
nucleus, 


Hi--Li? — 2 Het, 


discovered by Cockroft and Walton (1932). This reaction is pe- 
culiar in that it can be accomplished at comparatively low pro- 
ton energies because of the ease with which a proton can pene- 
trate a lithium nucleus (see above). In the first Cockroft-Walton 
experiments, the proton energy was 600 keV; however, it was la- 
ler found that the reaction is observed even at 10 keV. 

Two a-particles are also produced in a deuteron reaction 
with a light lithium isotope: 


DELLS Het 


We may add that, as shown by special cloud-chamber experi- 


ments, both a-particles fly apart in accord with the law of con- 
servation of momentum. 


In addition to these and similar reactions of the (p, o) and 
(d, æ) types, other proton and deuteron reactions were discoy- 


ered, for instance, (p, n) and (d, n). The following is an illus- 
tration of the (p, n) type: 


pi + Li; — Bei -+ nj, 


which is analogous to the «-particle reaction that had been ob- 
served: 


a+ Li] =B; ni. 
The following can serve to illustrate the (d, n) type reaction: 


i di-F-D'2- Hel nl 


di + Ti — Hei +n}, 


which have found application in sources of monoenergetic neu- 
trons. 
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Further, it is well to note that neutrons can also originate 
in the interaction of a y-photon and a nucleus. Reactions of 
this type, called photonuclear reactions are symbolised as (y, n); 
one of numerous cases of this type is the reaction ; 


Bei +y — Bei -- n; 
established by the appearance of neutrons when beryllium is ir- 
radiated with gamma rays. It has been shown that the mini- 
mum y-photon energy required for this reaction is 1.662 40.003 
MeV. Obviously, this energy may be interpreted as the binding 
energy (strength) of the neutron in the Be’ nucleus. Another 
case of this type of reaction is 

Di+y=Hi-+n}. 
The protons produced in this reaction were detected directly in 
a cloud chamber. The neutron-proton binding energy in a deu- 
terium nucleus, which is equal to the minimum energy of the 
y-photon that caused the reaction, is 2.227+0.003 MeV. Both 
the (y, n) reactions and also certain other reactions of this type 
are used to produce monoenergetic neutrons. 

Finally, it should be pointed out that neutrons are likewise 
obtained in nuclear fission reactions, which are considered below 
(Sec. 17), 

A large number of neutron-induced reactions are known at 
present, These reactions are characterised by a high probability 
of occurrence, in particular at negligibly low neutron energies, 
for example, when induced by thermal neutrons, that is, by neu- 
trons of energy equal to the mean thermal energy of the trans- 
lational motion of molecules at a given temperature 3/2 kT, 
where k is the Boltzmann constant equal to (1.38020 + 0.00007) X 
10°" erg deg^' (T is absolute temperature). The comparative 
ease with which neutron reactions develop stems from the ad- 
vantage that neutrons have over charged particles in that there 
is no nuclear repulsion and the neutrons readily penetrate into 
the nuclei, The following are examples of neutron nuclear reac- 


tions: 
m 4- B? = Li; + o3, 
m+ B; — Bei + di, 
n, -Sis = Pis pi, 
n; J- Mnz; = Mn5; +y. 


These reactions correspond to types (n, c), (n, d), (n, p), and 
(n, y), respectively, and are the reverse reactions of the above- 


considered types (œ, n), (d, n), (p, n), and (y, n). 
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It will be noted that some of these pairs of reactions were 
studied independently, for example, n;-|- B; = Li; -+ a} and œ+ 
J-Li;—B;'--n; Also studied was the capture reaction 


no+Hi=Di-+y, 


which is the reverse of the foregoing photonuclear reaction that 
consisted in the splitting of a deuteron into a proton and neu- 
tron by a y-photon. Measurements of the energies of gamma pho- 
tons emitted in the formation of a deuteron from a proton and 
neutron yielded 2.23 MeV, which, within experimental error, 
coincides with the above-mentioned limiting energy of y-photons 
that induce a direct reaction (2.227 +0.003 MeV). It may be 
added that for the capture cross-section (c.) a value o,= 
— 0.825» 10-** cm? was obtained from measurements of the 
mean lifetime of thermal neutrons in water; this time is deter- 
mined by their disappearance due to capture by protons of the 
water. The capture cross-section determines thé probability of 
this process and enters into the expression for its velocity 
— 10 9,u(H) (n), where u is the mean velocity of relative 
motion of the neutron and proton, and (n) and (H) are their 
concentrations. Putting the quantity 9. equal to x (a,-l- a,)*, we 
obtain 3.2% 10-** em for the sum of the effective radii of the 
proton and neutron a,-|-a,; considering the radii of these par- 
ticles to be the same, we find a,— 1.6 X 10-** cm. The effective 
radius of the proton thus found turns out close to that of a as 
computed from equation (9.6), from which for A— 1 it -follows 
that a— 1.455 10-"* cm. Whence it may be concluded that the 
capture of a neutron by a proton occurs practically in every 
collision. 

Positron. Artificially produced nuclear reactions (like natural 
tadioactive transformations) very often lead to the formation of 
new radioactive elements or new radioactive isotopes of the ini- 
tial element. Before considering the question of the nature of 
activity of artificial radioactive elements we must examine an 
extremely important discovery, the discovery of the positron 
made by Anderson (1932) when studying cosmic rays with a cloud 
chamber in a magnetic field. From the character of the track 
of the particle in the magnetic field it followed that the posi- 
tron has a mass equal that of the electron and an equal and op- 
posite electric charge. It is interesting to note that lour years 
before the discovery of the positron its existence had been pre- 
dicted by Dirac (1998) on the basis of an equation of motion 
of superfast electrons which he derived (Dirac equation). 
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In the same year of 1932, Blackett and Occhialini showed 
that when cosmic rays traverse matter they frequently give rise to 
showers, which are streams of particles that consist half of elec- 
trons and half of positrons, both having roughly the same speeds. 

Further, Blackett and Occhialini (1933) and other investiga- 
tors found that positrons could also originate from y-photons on 
the condition that the energy of 
the latter exceeds 1.02 MeV. In 
this case, the electron and posi- 
tron (pair) are produced simulta- 
neously, For example, an electron- 
positron pair was produced by the 
y-photons of RaC of energy 1.8 
MeV, while in the case of the 
y-photons of Po of energy 0.8 MeV 
this phenomenon was not observed. 
The existence of a limiting 
energy for y-photons (1.02 MeV) 
follows directly from the law of 
conservation of energy. Indeed, 
computing the energy of an elec- 
tron on the basis of the relation of 
equivalence of mass and energy 
(6.5), 


ee me? 2 
CEA K--mc 
(K is the kinetic energy of the 
electron, m its rest mass and 
B=v/c, where v is the velocity 
of the electron), we find E,= 


=K-+0.51 MeV, or in the lim- Fig. 9. Electron-positron pair pro- 
iting case of sufficiently slow duction in the gas of a cloud 
chamber under irradiation with 


electrons (B*<1 and, conse-  jard y-radiation. The magnetic fiel 
quently, K+0) E,=0.51 MeV.* Des leds two particles aie 
Assuming the energy of the posi- ent directions, thus indicating un- 
tron to be equal to that of the like charges 

electron (in view of the equality 

of their masses) E =E., for the limiting energy of a y-photon 
capable of converting into an electron-positron pair we find 
E; im =E,- E= 1.02 MeV. Fig. 9 shows the generation of an 
electron-positron pair in a cloud-chamber photograph. 


* The exact energy corresponding to the rest mass of an electron is 
0.510969 + 0.000009 MeV. 
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Also detected was a process which is the reverse of the 
transformation of a y-photon into an electron-positron pair, i, e., 
the conversion of an electron and positron into y-photons (two 
or three). This process is known as annihilation of an electron- 
positron pair. 

As has already been pointed out, the artificial transformation 
of elements frequently gives rise to new radioactive nuclei. 
While studying nuclear reactions induced by bombardment of 
various elements with a-particles, Curie and Joliot (1934) found 
that in certain cases the new radioactive nuclei produced in 
such reactions emit positrons. Such nuclei were called positron- 
or f*-active (in contrast to electron- or B--active nuclei that 
emit B-particles, or electrons). Later it was found that positron 
activity is an extremely common phenomenon. Approximately 
two-thirds of artificially obtained radioactive isotopes are elec- 
tron-active, the remaining third having positron activity. It was 
also found that positrons are likewise present, in small quanti- 
ties, in the radiation of natural tadioactive substances. How- 
ever, in this case they arise as a result of secondary nuclear re- 
actions that lead to the formation of positron-active isotopes. 

In B*-decay, the nuclear charge diminishes by unity, and the 
new element precedes the initial element in the Periodic Table. 
Thus, if the process of electron decay is represented by the 


scheme 
Z^— (Z+ 1)A4 B- 
or, correspondingly, by the symbol ZA (B-)(Z--1)^, then posi- 
iron decay must be represented by the scheme 
Z^ —(Z— DA pt 
Z^ (B+) (Z—1)^. 


Positron decay is not the only possible mode of Spontaneous 
transformation of an active nucleus, as a result of which its 
charge is diminished by unity. Another, similar, process, which 
is known as electron capture or K-capture was discovered in 
1938 by Alvarez. This process consists in the spontaneous tran- 


Or 


experimentally because the atom of the element that is pro- 
duced as a result of electron capture is in an excited state, that 
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is, in a state with enhanced internal energy. This energy is ra- 
diated in the form of X-rays (see Sec. 21), which indicate 
whether the case is one ol electron capture or not. Electron 
capture may be represented by the scheme 


zate —(Z— 1)^. 


Symbolically, this process is designated as Z^(K) (Z — 1)^. 

Both processes—positron decay and electron capture — are 
sometimes observed for one and the same nucleus. To illustrate, 
the radioactive isotope of manganese Mn;; (half-life, 6:5 days) 
in five cases out of one hundred undergoes positron decay and 
in 95 cases, electron capture, converting into a stable isotope 
of chromium, Cr&. This dual transformation into the same final 
nucleus has likewise been established for V**, Cu”, Zn** and a 
number of other nuclei. 

It is interesting to note that there are cases of triple conver- 
sion. The radioactive isotope of copper Cus; (half-life, 12.8 hours) 
is converted into the nickel isotope Nis via positron decay or 
electron capture and then, by means of electron decay, into 
the zinc isotope Zn&. Similarly, the isotope Cli} is converted in 
the following reactions: CI (p*) S, CL (K)S and CI (B=) Ar. 

It should, however, be noted that cases where a nucleus is 
inclined both to positron (or electron capture) and to electron 
decay are rather rare; usually, each given unstable nucleus is 
subject to one characteristic type of spontaneous transformation. 
The iollowing variation in activity is observed for the isotopes 
of an element as the ratio of the mass number A to the nuclear 
charge Z increases: B* active isotopes, stable isotopes, --active 
isotopes. Obviously related to this regularity is the following: 
nuclear reactions consisting in the addition of a neutron 
to the nucleus of the initial element, for example, the reaction 
mF =F} +y or di+Li;=Li;+-p; yield the p--active iso- 
topes F; and Li;, whereas reactions involving loss of a neutron 
by the initial nucleus, for example, n; J- F; =F; J-2n; or di- 
+B; =C; +n, yield B*-active isotopes (F;' and C;). These 
and similar regularities are very important for the problem of 
the structure of atomic nuclei (see Secs. 12, 13, 14). 


12. Structure of the Atomic Nucleus 


Proton-neutron theory of the nucleus. The foregoing facts are ob- 
vious indications of the great complexity of the structure cf 
atomic nuclei. This raises the question of the nature of the 


60 ATOMIC NUCLEUS [Ch. 2 


particles that make up the nucleus. Before the discovery of the 
neutron, the nuclei of all elements were generally considered to 
consist of protons and electrons (the proton-electron theory of 
the nucleus). 

This view was based primarily on the fact that atomic 
weights are, practically, integers; this had become obvious after 
the discovery of isotopes and had made it possible, due to the 
smallness of the electron mass as compared with the proton 
mass, to express the mass of any nucleus as a multiple of the 
proton mass. The proton-electron hypothesis goes back to the 
views of Prout (1815), who, in view of the integrality of atomic 
weights, considered that the atoms of all elements consisted of 
hydrogen atoms. 

The presence of protons in atomic nuclei likewise followed 
directly from experiments in the artificial splitting of nuclei. 
The emission of protons (H-particles) by nuclei subjected to 
a-particle bombardment was established in these experiments. 
B-radioactivity — electron emission by the nuclei of radioactive 
elements—likewise appeared to be irrefutable proof of the exist- 
ence of electrons in the nucleus. 

Moreover, electrons were needed in the nucleus to strengthen 
it, since positively charged particles alone (protons) could not 
ensure the high stability of the atomic nucleus. 

The a-particles emitted by a-active elements were regarded as 
secondary structural clements of the nucleus consisting of the 
basic, primary, units — four protons and two electrons. The non- 
elementary nature of the a-particle is obvious from a number of 
nuclear reactions that indicate the possibility of destruction 
and creation of an o-particle, for instance, 


pi Li] — sat 
or 


di-- Ti =% ni. 


However, the assumption of electrons in the nucleus encountered 
unsurmountable difficulties in explaining certain things and 
was dropped as not being true to fact. 

One of the chief objections to the presence of electrons in 
the atomic nucleus is the following. As will be shown in the 
next chapter, the electron (irrespective of whether it is in the 
free state or is bound in an atom) possesses a specific angular 
momentum—spin—and a magnetic moment proportional to it. 
In electron interactions, both the magnetic moments and angular 
momenta combine according to a definite law and form a certain 
total (resultant) magnetic moment and a total (resultant) angular 
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momentum of the system. And, according to the law of addition 
of momenta, the resultant spin of a system consisting of N 
electrons will have one of the following values (in units of h= 
=h/2m):1/2 N, 1/2 N— 1, 1/2 N—2, ..., 1/2 or 0, depending 
on whether the number N is odd or even. 

From this it follows, in particular, that when the number of 
electrons is odd, the resultant spin cannot be less than the spin 
of one electron (equal to 1/2 in the accepted system of units). 
Obviously, the same is true ior the magnetic moment of the 
system. 

Like the electron, the proton also has angular momentum (spin) 
and magnetic moment, and the spin of the proton is equal to 
that of the electron, while its magnetic moment is three orders 
of magnitude less than the magnetic moment of the electron. 
For this reason, if we assume that the nucleus is built up of 
protons and electrons, we would have to expect that nuclei 
with an odd number of electrons and an odd total number of 
particles should have odd spin and a magnetic moment not less 
than of the order of the magnetic moment of the electron. 

Such are all nuclei of even mass number A and odd atomic 
number (nuclear charge), for example, the nuclei of Li and N?*, 
since for them the number of electrons, equal to A —Z, will 
always be odd. Thus, for Li? the number of electrons is A—Z-9 
and the number of protons and electrons 2A—Z=9. Conse- 
quently, the total spin of the nucleus in this case should be 9/2, 
7/2, 3/2 or 1/2, whereas experiment yields a spin of 1, For an 
N? nucleus, we have, respectively, A— Z —7 and 2A —Z— 21, 
which again gives a half-integral total spin (21/2, 19/2, 17/2, 
15/2, 13/2, 11/2, 9/2, 7/2, 5/2, 3/2, and 1/2). But in this case, 
too, experiment gives a whole number, 1. The same discrepancy 
is observed in respect to the magnetic moments of Li} and Ni 
Due to the odd number of electrons (3 and 7), these should have 
values of the order of the magnetic moment of the electron. In 
actuality, however, the magnetic moments of the nuclei are in 
all cases, including those of Li* and N'*, several orders of mag- 
nitude /ess than the electronic moment. 

These facts in themselves are sufficient for rejecting the hy- 
pothesis of nuclear electrons, which is contradicted by a series 
of other facts as well. 

All these difficulties disappear if we assume that nuclei are 
built up of protons and neutrons instead of protons and electrons. 
This idea, first expressed by Chadwick in 1932, was developed in 
the works of Heisenberg, Tamm, and Ivanenko that appeared in 
the same year. A detailed study of the new model of the nucleus 
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showed that. it is in excellent agreement with experiment and, 
apparently, is the only correct one. 

On the proton-neutron theory, the nucleus with mass number 
A and charge Z contains Z protons, which determine its charge, 
and A—Z neutrons. Thus, the deuterium nucleus Dj contains 
one proton and one neutron, the helium nucleus Hej, two pro- 
tons and two neutrons, the lithium nucleus Li;, three protons 
and three neutrons, the flourine nucleus F;*,9 protons and 10 neu- 
trons. etc. The presence of neutrons in the nucleus follows directly 
in part from the foregoing reactions and also from an enormous 
number of other nuclear reactions that have been studied, for 
instance, from neutron capture reactions and the corresponding 
reverse photonuclear reactions, and also from reactions (n, 2n), 
which involve capture and emission of neutrons by nuclei. Since 
by independent experiments 
it was established that neu- 
trons, like protons, have spins 
of 1/2 (in units of h), the 
coincidence of one of the cal- 
culated values of spin with 
the measured value can like- 
wise be regarded as experi- 
mental proof of the presence 
of neutrons in atomic nuclei. 
For example, from the rule of 
addition of spins we obtain 
integral values | and 0 for 
the spin of a deuteron (D), 
the first of which coincides 
with the experimental value 
(1); for the spin of a triton 
id the values 3/2 and 1,2 
Fig. 10. Splitti experimental, 1/2), for He', 
A J carers gra pu QUNM 2, 1, and 0 (experimental, 0), 
ticles (after Zhdanov). C yields 6 proton for Li‘, 3, 2, 1 and 0 (expe- 

tracks, Ag, 47 - rimental, 1), for Li’, 7/2, 
5/2, 3/2, and 1/2 (experimen- 
tal, 3/2), etc. 
tomic nuclei with fast cosmic 
oofs of the correctness of 


Experiments in the splitting of a 


€ capable of breaking u 
ent particles. =: 
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Fig. 10a and b shows two pictures of such a break-up of carbon 
and silver nuclei. The pictures were obtained with nuclear 
emulsions. Only proton tracks are recorded since only protons 
possess ionising power and, hence, display photographic action. 
The first photograph (Fig. 10a) reveals six proton tracks, and 
according to the proton-neutron theory, the carbon nucleus (js 
actually contains six protons (and six neutrons). 

Fig. 10b (the disintegration of an Ag,, nucleus, which con- 
tains 47 protons) shows 47 such tracks. It will be noted that if 
the proton-electron hypotheses were valid, 12 tracks would be 
expected in the first case and 107-109 tracks in the second. 

Nuclear transformations accompanied by the emission of 
a-particles show that two protons and two neutrons tend to form 
a stable complex — He? nuclei, which are readily formed in the 
process of nuclear transformation and, possibly, even exist as 
a "whole" in certain nuclei. In the latter case, the a-particles 
should exist in the nucleus as independent structural units. 
This point of view, which finds expression in the so-called 
a-model of the nucleus (in this model, the nucleus, at least for 
all light elements with A a multiple oi 4, consists of a-par- 
ticles), is somewhat corroborated in investigations of the photo- 
disintegration of C'* and O'* nuclei by hard y-photons. The 
“photographs” obtained by the photoemulsion technique occa- 
sionally reveal a-particle tracks emanating from a single point 
(“stars”), which point to a single source of all the a-particles 
forming the star. For example, when C" is irradiated with 
y-photons of energy of tens of MeV, we observe three-pronged 
stars whose origin must be associated with the reaction 


Y Bo Beck. 


The irradiation of O' nuclei reveals four-pronged stars (the 
process is y -|- O;' — 4a). 

It may be that phenomenon of a-decay, which is so widespread 
among the heavy elements,* and also observed cases of a-par- 
ticle emission in nuclear fission ** should likewise be regarded 
as an indication of a more or less separate existence of He, groups 
in nuclei. 

The foregoing data, of course, do not in any way affect 
the conclusion (p. 60) concerning the nonelementary nature of 


* For the lighter elements, a-activity has been established in samarium 
Sm!2° which has a half-life of 1.4 X 10" years. 

e It has been found, in the fission of U**, that an a-particle is ejected 
in one out of 220 cases, a proton, in one out of 5000. 
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a-particles. To the foregoing tacts that demonstrate the possibil- 
ity of creation and destruction of a-particles, we may add the 
following. The detection of protons (by means of photoemulsion 
techniques) in the irradiation of helium with hard y-photons 
testifies to the possibility of the photo-dissociation of He nuclei. 
In exactly the same way, observations of two-pronged stars 
produced by 90-MeV-neutron irradiation revealed the following 
processes of destruction of He* nuclei: in 47 cases out of 90, 
He* nuclei decayed into p+t, in 18, into d+ t, in 14, into 
p-+d (+n), in 10, into d+-d, and in one case, into p+p(-+ 2n). 
The relatively low probability of the latter type of decay is 
undoubtedly due to the fact that it requires the greatest 
energy. ` 

Theory of B-decay. After eliminating the difficulties from the 
hypothesis of nuclear electrons, the proton-neutron theory of the 
nucleus encountered new difficulties. The chief one was the nec- 
essity of interpreting the f-decay of nuclei, that is to say, the 
emission of electrons by nuclei which do not contain electrons. 
It must be stressed here that in B-decay the electrons are emit- 
ted by the nuclei. This follows directly from the attendant 
increase in the nuclear charge (displacement law). It should also 
be noted that the hypothesis of nuclear electrons does not eli- 
minate the difficulties involved in the discovery of positron 
nuclear decay. 

Overcoming the difficulties of the theory of f-decay involves 
the problem of the nature of the proton and the neutron. Accord- 
ing to the theory of Heisenberg and Majorana (Sec. 14), the 
interaction of protons and neutrons (which ensures the stability 
of the atomic nucleus) presumes that an exchange of electric 
charge is possible between these particles. If the proton is consid- 
ered the elementary particle and the neutron is regarded as 
a complex particle consisting of a proton and an electron, then 
the electron will be the exchanged charge. But if the neutron 
is considered the elementary particle and the proton is regarded 
as consisting of a neutron and a positron, then the positron 
will be this charge. 

A proper solution to the problem of the elementary nature 
of the proton and the neutron proceeds from the concept that 
both the proton and the neutron designate two different states 
of one and the same particle, which we shall call the nucleon, or 
heavy particle (to distinguish it from the light particles: electron 
and positron). This is the underlying concept of ‘the present 
theory of f-decay (Fermi, 1934). On this theory, B-decay is re- 
garded as the transition of a nucleon from one state into anoth- 
er accompanied by the emission of an electron (f--decay) or 
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a positron (B*-decay), just like the transition of an atom from 
one energy state to another is attended by the emission of a light 
quantum, or photon. Obviously, an electron is ejected in the 
transition of a nucleon from the neutron to the proton state 
(n— p), while a positron is ejected in the reverse transition 
(p—+n). In other words, B-decay of a nucleus may be regarded 
as some sort of generation of a light particle in the same sense 
as we speak of the production of a photon when it is emitted 
by an atom. 

The production of an electron or positron in f-decay is the 
result of a change in the internal energy of the nucleus. Earlier 
(p. 57) we learned of another case of the production of light par- 
ticles at the expense of the energy of y-radiation. In this case, 
an electron-positron pair is always produced, for otherwise the 
law of conservation of electricity would be violated and also the 
law of conservation of angular momentum. A more detailed 
consideration of the process of production of a p-particle in the 
p-decay of an atomic nucleus shows that in this case, too, 
there must be a simultaneous generation of a pair of light 
particles. 

Above all, we are led to this conclusion by general theoreti- 
cal reasoning based on the conservation laws. Indeed, the law of 
conservation of electricity is fulfilled here, because when a p-part- 
icle is ejected by the nucleus, the charge of the latter changes 
by a corresponding magnitude. However, a f-particle has angular 
momentum (spin) in addition to charge. For this reason, accord- 
ing to the law of conservation of angular momentum, simulta- 
neously with the ejection of a p-particle together with its spin, 
there must arise, in the nucleus, an angular momentum equal 
in magnitude to the spin of the B-particle (but opposite in 
direction). But, as has already been pointed out, the angular 
momentum of the nucleus is determined by the mass number, 
and since the mass number in f-decay remains unchanged, it 
likewise must remain constant. The only way out of this difi- 
culty is to assume that a second light particle (with spin equal 
but opposite in direction to that of the f-particle) is emitted by 
the nucleus together with the p-particle. 

This second particle should not have any electric charge, 
otherwise the radioactive displacement law will not hold. Such 
a particle—the neutrino — was introduced by Pauli in 1933 in 
connection with yet another grave difficulty that was encountered 
in the theory of B-decay. This difficulty is connected with the 
energy or the spectrum of f-radiation. While the nuclei-ejected 
a-particles always have a strictly definite kinetic energy (or, to 
be more precise, a set of several discrete values of energy) 
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Characteristic of each given nucleus, the electrons and positrons 
produced in B~- or B*-decay of the nucleus have all kinds of 
velocities ranging from zero to a certain maximum value char- 
acteristic of the given nucleus v,,, (a continuous spectrum of 
velocities). On the assumption that in B-decay the nucleus ejects 
only one light particle (electron or positron), the existence of 
a continuous spectrum of p-radiation appears as an unresolvatie 
riddle. Indeed, since in this process the energy of the nucleus 
varies by a strictly definite discrete magnitude, all the B-particles 
that it ejects should have identical velocities; but this is not 
borne out by experiment. 

The introduction of the neutrino eliminates this contradiction, 
.since the energy liberated in f-decay is now distributed between 
two particles: a p-particle and the neutrino. Thus, the Pauli 
hypothesis at one stroke eliminates both of the above difficulties 
in the theoretical interpretation of the phenomenon of f-decay. 

Repeated attempts were made to detect the neutrino and obtain 
more information about its nature. Most of these attempts were 
aimed at detecting the neutrino when it was formed in f-decay 
or electron capture. One of the trends in this research is to 
measure the energy of the recoil nuclei that appear in electron 
capture. The first measurements of this kind were made by Allen 
(1942), who showed that the energy of a Li’ nucleus produced 
in the process Be’--e=Li’+-v (where v is a néutrino), is close 
to the computed value if it is assumed that the rest mass of the 
neutrino is zero. Later, on the basis of measurements of the 
energy distribution of electrons in the f-spectrum of tritium (the 
reaction T'—He'--e--v), a value of the order of 0.001 of the 
electron mass was obtained for the upper limit of the rest mass 
of the neutrino. Attempts were also made to detect free neutri- 
nos, For instance, positron radiation was recorded and attributed 
to the interaction of neutrinos (emerging from an atomic reactor) 
with protons; the process is v+-p—n+6*. The magnitude of 
the observed effect also yielded the effective cross-section for 
this process, which (in agreement with theoretical calculations) 
proved to be of the order of 10-**cm?, Comparing this value 
with the one above (p. 56) for the effective cross-section of the proc- 
ess n--p—d-L-y, we see that the probability of a neutrino- 
proton reaction is 3><10"* times less than that of the neutron- 
proton reaction. 

Summarising, we find that the principal structural elements 
of atomic nuclei are exclusively heavy particles—protons and 
neutrons (nucleons). There is also the question of the forces that 
bind nucleons together and ensure the great strength of nuclei. 
It will be considered in Sec. 14. 
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13. Dynamics of the Atomic Nucleus 


Energetics of nuclear transformations. Up till now, when con“ 
sidering various transformations of atomic nuclei, both sponta” 
neous (x- and-B-decay, electron capture) and those produced by 
some form of radiation (nuclear reactions produced by a-particles, 
protons, deuterons, neutrons, photonuclear reactions), we hardly 
at all touched on the energy aspect of these phenomena. This 
aspect comes to the fore when we deal with the forces that bind 
the separate components of the nucleus into a whole. Without 
speaking of the nature of these forces, we nevertheless have no 
doubt that they are forces of attraction. Consequently, in the 
formation of a nucleus of protons and neutrons, a definite energy 
(the binding energy of the nucleus) must be released, like the 
heat of atomisation of molecules, that is, the energy released 
in the formation of a molecule out of its component atoms. 
Obviously, the released energy corresponds to the decrease in the 
energy of the system; in other words, it is equal to the difference 
between the energy of the isolated protons and neutrons and the 
energy of the nucleus. According to the relationship of the 
equivalence of energy and mass, 

E=mc’, 


a decrease in the energy of the nucleus should be attended by 
a decrease in its mass as compared with the mass of the sepa- 
rate protons and neutrons. Therefore, as the measure of the 
energy (thermal) effect of the reaction of formation of a nucleus 
out of its components, or as the measure of the binding energy 
of the nucleus, we can take the diference between the mass of 
the separately taken component protons and neutrons of the 
nucleus and the mass of the nucleus (Am). Denoting the mass 
of a nucleus consisting of Z protons and A—Z neutrons by m, 
and the masses of the proton and neutron, by m, and m,, re- 
spectively, we obtain 


Am — Zm, +} (4 — Z) m, — m. (13.1) 
The binding energy of the nucleus will, accordingly, be 
AE —Amc'. (13.2) 


Since the binding energy of a nucleus, like the energy effects 
of nuclear reactions, is usually expressed in MeV, we must de- 
termine the energy equivalent of unit mass. Taking 1/16 of the 
mass of an oxygen atom ior the unit of mass, Am, = 49 = qz 
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inasmuch as mo—g), and substituting this quantity into 


équation (13.2), we have 


Numerical substitution gives AE, —1.4915 X 10-* erg or, since 
1 eV — 1.602 X 107"* erg, : 


AE, — 931.16 MeV. 


The possibility of expressing energy effects in terms of the 
mass of the nucleus and its component particles shows how 
important are measurements of atomic masses in determining 
the degree of stability of nuclei and, in the final analysis, in 
. clarifying the nature of the interaction forces of the component 
parts of the nucleus. On the basis of known atomic masses we 
can compute both the energy effects of various nuclear reactions 
and the binding energies of the nuclei. As we have seen, to do 
this we must know the mass of the neutron. | 

One of the methods of determining the mass of the neutron 
is to compute the balance of energy in certain nuclear reactions 
involving nuclear disintegration. This method was first applied 
by Chadwick and Goldhaber, and also by Feather for y-fission 
o! a deuterium nucleus (deuteron). These authors have shown 
that when deuterium is irradiated with y-rays of ThC’ (the quanta 
have an energy of 2.616 MeV), the deuterons disintegrate into 
protons and neutrons. The energy balance of this reaction is 
written as ‘ 2 


y (m, 4- m, — m, c* J- K, 


where m, is the mass of the deuteron and K is the total kinetic 
energy of the proton and neutron. By measuring the kinetic 
energy of the proton and considering it equal to the neutron 
energy (as the masses of the two particles are nearly the same), 
one can determine from this equality the binding energy of the 
proton and the neutron in the deuteron, i.e., the quantity 
Am—m,--m,—m,. It turns out equal to 2.2 MeV, or 0.0024 
unit. of mass. Substituting into the expression for Am the 
values m,—1.0081 and m,— 2.0147 (see Table 1), we find 
m, = 0.0024 -+ 2.0147 — 1.0081 — 1.0090. The latest and more 
accurate measurements of the neutron mass give 


m, = 1.008985 -+ 0.000002. 


We shall use this value of neutron mass in our subsequent 
computations. 
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By computing the magnitude of Am (13.1)—which charac- 
terises the nuclear binding energy—from known values of mass 
of the given nucleus m, m,, and m, and dividing this value by 
the number of nucleons A, we obtain the binding energy (in 
units of atomic mass) per nucleon. This quantity may be called 
the specific binding energy of the nucleus óm. These quantities 
(multiplied by 1000 for convenience) for the stable isotopes of . 
light elements (from deuterium to neon) are represented graphically 
in Fig. 11.* It will be seen that the curve of specific binding 
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Fig. 11. Specific binding energy of light nuclei 


energies has maxima for isotopes with values of A that are 
multiples of 4 and, in addition, that contain equal quantities of 
protons and neutrons. From this it may be concluded that the 
nuclei of such isotopes are extremely stable. It may be noted 
that this was one of the reasons for supposing that such nuclei 
are built up of a-particles (the a-model of the nucleus). 

Energies of nuclear reactions. Both the binding energy and the 
specific binding energy characterise the stability of the nucleus 
against disintegration into protons and neutrons. These quantities 
could also be used to compute the energies of nuclear reactions. 
But in this case it is more convenient to use a quantity called 
the mass defect; it is equal to the diflerence between the mass 
of the nucleus and the mass number A, 


A Imn-— A, (13.3) 


* Here, only one nonstable isotope was used—beryllium Be*, which 
disintegrates into two a-particles (see below). 
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or a quantity obtained from it, 6=A/A, called the coefficient 
of nuclear packing. For convenience sake, the quantities A and 
6 may be multiplied by 1000. 

Let us consider the reaction of f-decay. The energy of 
electron decay, i.e., that of the reaction 


Z^ —(Z--1)^ 4-p- 47v 
(where v is a neutrino), is expressed by the formula 
Q—c' (mz —m;,,), (13.4) 
where m, is the mass of the initial nucleus and mz, that of 


the final nucleus. Substituting into (13.4) the mass defects (13.3) 
in place of the respective nuclear masses, we obtain 


Q—c' (A; — Az,). (13.5) 


Thus, we see that the energy of B--decay may be expressed as 
the difference between the mass defects of the initial and final 
nuclei.* : 

For positron decay, i.e., for the reaction 


Z^ —(Z— 1)^ +B*-+y, 
Q—c* (m7 — mz 4) + 2c*m, (13.6) 


where m, is the rest mass of the electron. The term 2c*m, is 
introduced because in positron decay one electron is lost simul- 
taneously with a positron, since the atom of the new element 
no longer contains Z electrons but Z—1 electrons.** Thus, on 
the whole, we have a loss of mass equal to 2m,. Expressing 
Q(13.6) in terms oi the mass defects, we obtain 


Q—c* (Az — Az_,) + 2c*m,. (13.7) 

We note that the quantity 2c*m, is equal to 1.02194 MeV, or 
0.0010975 atomic mass (physical units of atomic weight). 

Stable and unstable isobaric nuclei. From the point of view 


of nuclear stability, which is extremely important for the 
theory of the atomic nucleus and for the periodic system of 


we get 


* It is easy to show that the quantity Q is expressed in terms of the binding 
energy AE; and AE;,, by the following formula 


Q— (AE; ,, — AEz) +c? (m, — my). 
It will be noted that 


to the quantity m, — m,— 0. 
an energy 0.782 MeV. q Y Mn — mp = 0.0008389 there corresponds 
** We must remember that the 
weights) of the atoms, and not of th 
masses of the electrons as well. 


quantities m are the masses (atomic 
e nuclei, which means they include the 
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isotopes, it is interesting to consider the so-called isobaric 
nuclei (isobars), which are nuclei with different charges but the 
same mass numbers. Table 2 gives some of the isobaric nuclei 
found among the light elements. The fifth column gives the 
activity of the unstable nuclei and their half-lives, the sixth 
column, differences in the mass defects of active and stable 
isobars (in mass units multiplied by 1000) A*— A. 

In Table 2 we note the positron activity (p*) of all nuclei 
(with the exception of He) containing a surplus number of 
protons as compared with the number of neutrons. This indi- 
cates instability of such nuclei. Some authors associate this with 
the mutual repulsion of protons. The F;° nucleus is unstable 
despite the equal number of protons and neutrons; and this 
goes for all subsequent nuclei containing an equal number of 
protons and neutrons, with the exception of Mee. Sith, So ATR 
and Ca’?, which have even Z. Cai? is the last stable isotope 
in the group of nuclei under consideration. It is important to 
point out that for nuclei with the same number of protons and 
neutrons but with odd Z, the series of stable nuclei comes to 
an end with the N'* nucleus. Now nuclei with Z>7. are either 
radioactive or are simply undetectable due to their low stabi- 
lity, like nuclei with sufficiently large even Z. Whence we may 
conclude that nuclei with odd Z are less stable than nuclei with 
even Z. This conclusion likewise follows from the curve of 
specific binding energy of light nuclei shown in Fig. 11: the 
minima of this curve correspond to nuclei with odd Z: Lit 
Bs’, Ny. 

In accordance with the reduced stability of nuclei with excess 
protons, the mass of f*-active nuclei comes out greater than 
that of the corresponding isobaric stable nuclei. Here, the 
greater the mass difference (and, hence, the difference in mass 
defects), the shorter the half-life (Table 2) and, hence, the 
greater the probability of radioactive transformation of an 
unstable nucleus. On the Fermi theory, the radioactive trans- 
formation of these nuclei is regarded as a transition of a heavy 
particle of the nucleus from the proton to the neutron state, 
which results in a nucleus.of an appropriate stable isobar: 


ce BY, C? BE, N> Cit, NiCr, Of Nf, Or — NP 
F} — OP, E! — Of, Nen — Fr. 
Also unstable are isobars with two surplus neutrons (see 


Table 2), with the exception of O;° and Nei and tritium, which 
is unstable even with the single surplus neutron. From the 
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sixth column of Table 2 it is seen that the nuclei of all these 
isobars have an appreciable excess of energy over the corre- 
sponding stable isobar, and, via electron emission (p-activity; 
one nucleon converts from the neutron to the proton state), 
they are transformed into the nucleus of the stable partner: 


He— Lif, Li — Bet, Be! — Bi, B} — Ct, Gh NP, 
CONS, N'— 0j NF 07, OF FI Fr — Nes. 


We note that both in the case of p-- and f*-active nuclei the 
half-life is directly (but in the inverse sense) dependent on the 
mass diflerence of isobaric nuclei. 

Whereas nuclei with even Z and an excess of two (or more) 
neutrons are stable beginning with O;' nuclei (see above), in 
the case of odd Z the first stable nucleus with excess neutrons 
(in this case, three neutrons) is that of Cl. Again there is a 
greater stability of nuclei with even Z over those with odd Z. 

From data on the masses of isobaric elements it follows that 
the masses of isobars for each mass number A lie on a smooth 
curve with a pronounced minimum, * depending on the differ- 
ence between the number ol neutrons and the number of pro- 
tons in the nucleus. A stable isobar is one with least mass; 
obviously, the values of the numbers of protons and. neutrons 
corresponding to a minimum in the curve are those "optimum" 
values which, lor a given number of nucleons A, ensure greatest 
stability of the nucleus. Electron-active nuclei result from an 
excess of neutrons over those with optimum values, positron- 
active nuclei result from a neutron deficiency. 

As Z increases, the number of neutrons both in stable nuclei 
and in the nuclei of radioactive isotopes more and more exceeds 
the number of protons. Towards the end of the Periodic Table, 
the nuclei of heavy elements contain approximately two protons 
to three neutrons. For the nucleus of gold Aut? we have 


Anm, ior the nucleus of bismuth BIN A etc. From 


the point of view of Coulomb interaction of protons, the stabi- 
lising action of such «diluting" with neutrons may be accounted 
for by the increasing size of the nucleus and, consequently, the 
greater mean distance between protons, in other words, by the. 
decreasing forces of mutual repulsion of the protons. 

It will readily be seen that such an explanation does not 
contradict the fact of the existence of a stability threshold of an 


* In the case of isobars with an even number of protons and neutrons 
(even-even nuclei) and with an odd number of both (odd-odd nuclei), we 
have two such curves: for even-even and odd-odd isobars. 
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element, which finds expression in the fact that all heavy ele- 
ments beginning with polonium (Z=84) are radioactive, i.e., 
they have unstable nuclei. Indeed, since in this case it is a ques- 
tion of the a-activity of heavy nuclei, one should expect that 
nuclear stability should significantly involve other factors in 
addition to the stabilising action of “neutron dilution”. Here, 
one of these factors is undoubtedly the energy of the reaction: 


X2 Y2-i--He 
where X is the initial and Y the final nucleus. The influenc: 
of this factor is clearly seen when considering Fig. 12, which 


gives the energy of a-decay 
computed from the formula 


Q= (mx—my—mm,) c* (13.8) 


from the masses of atoms X, 
Y and He* for the following 


isotopes: stable — Hg» 
Hg, Ti, Pbi, Pbk, 
Pb?', Pb?5, Bii, and a-ac. 
tive—Biz;' (AcC), Poa’, Rs, 
Ran Th Oise brome bie: 
12 it is seen that near the 
stability threshold (element 
83, bismuth, is the last stable 
element), when passing to 
50 go z heavy elements there is a 
sharp increase in the energy 
Fig. 12. Reaction energy of a-decay in of a-decay; thisincrease points 
heavy elements to a direct relationship bet- 
ween the stability of the 
nucleus with respect to o-decay (or the probability of o-decay) 
and the energy eflect of this reaction. 


14. Nuclear Forces 


Properties of nuclear forces. In connection with the question 
of the size of atomic nuclei we have already (p. 43) spoken of the 
existence of special nuclear forces of attraction operating be- 
tween the nuclear particles at distances close to the sum of the 
radii of these particles and falling off rapidly with distance. The 
magnitude of these forces may be judged by the binding energy 
of nuclei, which is many orders of magnitudegreater than the energy 
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of the chemical bonds in molecules. Indeed, comparing the 
binding energy, of the proton and neutron in a deuteron, which is 
2.93 MeV, with the energy of chemical coupling of a proton 
and H atom in a molecular ion of hydrogen Hj, which is 
2.65 eV, we see that the former quantity exceeds the latter by 
six orders of magnitude. At distances oi the order of nuclear 
dimensions, nuclear forces also exceed the electrical forces of 
Cotlomb interaction of charged particles. For example, assuming 
that the difference in the binding energies of two isobaric nuclei, 
tritium T! and the light isotope of helium He}, 8.49 — 7.73—0.76 
MeV, is due to the energy of mutual repulsion of protons in 
the He? nucleus, on the basis of the Coulomb law we have 


<=0.76 MeV, 


whence we get r=1.9 X 107* em for the distance between pro- 
tons in the He? nucleus. Since this number practically coincides 
with the deuteron radius a— 1.85€ 10-'* cm computed from for- 
mula (9.6), which should be close to the distance between pro- 
ton and neutron and, hence, also between two protons in the 
nucleus, we can compare directly the above obtained value of 
the energy of Coulomb interaction between two protons with 
the energy of nuclear interaction of proton and neutron in a 
deuteron. From this comparison it follows that at a distance 
equal to the radius of the deuteron, the force of nuclear attrac- 
tion is 2.23 __3 times that of Coulomb attraction. 


0.76 
From this calculation it also follows that the forces of 


nuclear attraction between proton and neutron should be the 
same as between proton and proton or between neutron and 
neutron, that is to say, these forces are independent of the 
electric charge of the nucleon. This extremely important conclu- 
sion is also supported by other data, for instance, the results 
of studies in the scattering of protons and neutrons by protons. 

Further, from the conclusion of the small range of nuclear forces 
it follows that the nucleons should interact only with their 
immediate neighbours in the nucleus. This conclusion is corroborat- 
ed by the following data that refer to nuclear binding energy. 
Let us first consider the nuclei DŻ, Tj, He}, and Hes, for which 
we may assume direct contact between all nucleons. In this 
case, the number of bonds between each pair of nucleons in the 
nucleus is expressed by the formula 1/2 A(A— 1), from which 
We have ale for, D Smor P. and He', and 6 for He*. Consider- 
ing all bonds equivalent and disregarding Coulomb repulsion of 
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protons, we must conclude that the separate binding energies 
in the above nuclei should approximately be in the ratio of 
1:2:2:3. Computing from the nuclear masses the corresponding 
values of specific binding energy, we obtain 1.11; 2.83; 2.58, 
and 7.08 MeV; these figures are in the ratio 0.8:2.0:1.9:5.0, 
which approximately corresponds to that obtained “theoreti- 
cally". It must be pointed out that one cannot expect complete 
coincidence because, for one thing, the dependence of nuclear 
forces on nucleon spin is disregarded (see below). We note that 
one of the consequences of this dependence is the particularly 
great strength of the two proton-two neutron system (the He' 
nucleus), which is manifested in its high binding energy, * 


10 


100 200 4 
Fig. 13. Specific nucleus binding energy as a function of mass number A 


Associated with the short range of nuclear forces is also the 
approximate constancy of the specific binding energy observed 
in all stable isotopes, with the exception of the first ten iso- 
topes of the lightest elements, as may be seen from the curve 
of specific binding energy (expressed in MeV) versus mass num- 
ber given in Fig. 13. Near A—10, ôE attains 7.0 MeV, then 
passes through a flat maximum at A=50—60, which 'corre- 
sponds to 6E —8.8 and with further increase in A it begins to 
decline slowly approaching 7.6 MeV near A—240. The approx- 
imate constancy of the specific binding energy finds a simple 
explanation in the fact that given a sufficiently large number 
of nucleons in the nucleus, each nucleon will be in direct con- 


* A manifestation of the great stability of the a-particle may also be 
found in the instability of the Hef nucleus against (æ + n)-decay, the Li® nu- 
cleus against (%-+ p)-decay, Be’, against 2q-decay, and B?’ Hy 
ma cee ^ y » against 
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tact only with a limited number of surrounding nucleons; as 
a result, the expression 1/2 A(A— 1) for the binding energy of 
a nucleus, which expression presupposes the interaction of each 
nucleon with all the other nucleons in the nucleus, cannot be 
valid even approximately. From the approximate constancy of the 
specific binding energy it follows that the binding energy of the 
nucleus must be proportional to the number of nucleons A in 
the given nucleus. On the other hand, according to equation 
(9.6), we have A ~ a*, whence it follows that the binding energy 
AE must be approximately proportional to the volume of the 
nucleus 4/3 a’. 
It will be noted that similar relations occur in the case of 
a liquid drop, the energy of which is also proportional to its 
volume; this is due to the rapid decrease in the forces of mu- 
iual attraction of molecules with distance, as a result of which 
each molecule interacts only with its immediate neighbours. 
This analogy led to the liquid-drop model of the atomic nucleus, 
which was developed by Frenkel and Niels Bohr and which proved 
extremely fruitful in the interpretation of a variety of nuclear 
properties, and above all the fission of heavy nuclei (see below), 
The liquid-drop model of the nucleus was utilised by Weizsack- 
er for computing the binding energy of atomic nuclei. The 
formula he derived for the specific binding energy is* 
2 HE uv 
òE =E a — p uA  —yA * —XPA (14.1) 
where a, B, y, and x are constants. The fírst two terms in 
(14.1) express the portion of energy due to nuclear forces and 
reflect the experimental fact that in the case of light nuclei, 
when Coulomb repulsion of protons plays a comparatively slight 
lore, the stablest nuclei are those containing an equal number 
of protons and neutrons. The quantity œ is the energy of nu- 
clear interaction when N==Z. The symmetrical shape of the 


function ® one is in accord with the fact that the nuclear 


forces are independent of the nucleon charge. 


The term yA ® in formula (14.1) corresponds to the surface 
energy of a liquid drop and expresses the simple fact that the 


* The binding energy is usually normalised so that the energy of a nu- 
cleus divided into nucleons at infinite recession is assumed equal to zero. 
Given this normalisation, the energy of the nucleus, being (in a solute mag- 
nitude) equal to the binding energy, wili obviously be negative and equal to 
—AE due to the fact that energy is liberated when a nucleus is formed out 


of nucleons. 
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nucleons on the surface of the nucleus are more weakly bound 
than those inside the nucleus; this leads to a reduction in the 
mean binding energy of the nucleons in the nucleus. The suríace 
energy of the nucleus, considered as a liquid drop, is, obviously, 
proportional to the magnitude of the surface, that is, to the square 
of the radius of the nucleus. Whence, because of (9.6), we have, 
for the portion of specific binding energy due to "surface ten- 


sion", a quantity proportional to AS LO 
Finally, the last term in (14.1) expresses the energy of 


Coulomb repulsion of protons. Considering the nucleus as a uni- 
formly charged sphere of radius a, possessing a charge Ze, we 


will have ios lor the energy of Coulomb repulsion of protons, 


or, using expression (9.6) and putting the numerical factor equal 
2 —485 

fo a, we petiere for the specific energy. From this 

; " o 

expression it follows that the constant x, which is equal to 

3e : 1 UR 

sa may be computed directly, since the quantities e and a, 


are known. Substituting e—4.8>< 10-'° CGSE and a,— 1.45 X 
10-"* em, we find «—0.6 MeV. The remaining constants are 
selected empirically on the basis of experimentally known bind- 
ing energies of nuclei. The curve in Fig. 13 is plotted from 
equation (14.1) by means of the following empirical constants: 
a—=14.7, £— 20.5, y —15.4 and the earlier obtained constant 
x==0.6. As may be seen from this plot, the experimental values 
of the specific binding energy (open circles) fall well enough on 
the curve, with the exception of the initial portion of the curve 
where the liquid drop model of the nucleus, which presumes 
a sufficiently large number of nucleons in the nucleus, is inap- 
plicable. 

Nature of nuclear forces. From the foregoing, very incomplete, 
consideration of experimental facts we obtained some idea of 
the properties of nuclear forces without considering the nature 
of these forces. The present approach to the far-from-solved 
problem of nuclear forces starts from certain features of simi- 
larity between the properties of nuclear and chemical (valence) 
forces. Both rapidly fall off with distance, are independent of 
the charge of the interacting particles, but depend upon their 
Slim, and are capable of saturation. The saturation capacity of 
chemical forces is exhibited, for example, in the fact that an 
atom of oxygen is capable of adding only one or two atoms of 
hydrogen to form the stable molecules HO and H,O , there being 
no such molecules as H,O, H,O, etc. In exactly the same way, one 
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proton can bind only one or two neutrons (in the nuclei of Di 
and Ti), and a neutron can bind not more than two protons 
(in a Hei nucleus). This similarity of chemical and nuclear 
forces suggested the solution of the latter problem to be sought 
along the same lines that led to the solution of the problem of 
chemical forces. 

The latter problem was solved by means of quantum mechan- 
ics. This will be considered in the necessary detail in Chap- 
ter 7. Here we shall confine ourselves only to concepts under- 
lying one of the approximate quantum mechanical methods of 
molecule analysis and used in broad outline for a quantum- 
mechanical interpretation of nucleon interaction. 

Within the framework of these concepts, the approximate 
solution of a chemical problem can start from a consideration 
of two (or several) conceivable states of the molecule (that occur 
at large distances between nuclei). We take a molecular ion of 
hydrogen H; as the simplest molecule; when evaluating its 
energy, account is taken of the states that correspond to the 
following two configurations of the H; molecule: 


H+ —H and H— H+. 


Transition from a state corresponding to one configuration to 
a state corresponding to the second configuration is obviously 
possible as transition of an electron from the nucleus with 
which it is bound in the H atom to the other, bare, nucleus. 
Since the electron changes its positive partner, this and similar 
processes are generally called exchange processes. As a result of 
continual exchange, which symbolically may be represented as 
H—Ht* or H==p (p stands for proton), there arises a state of 
the H; ion which may be regarded as the result of the super- 
position of two states that correspond to the foregoing configu- 
rations. Computation of the energy of this state shows that 
electric forces of attraction develop between the particles that 
make up the molecule. These forces are called exchange forces. 

The interaction of neutral particles, for example, atoms of H 
in the H, molecule, may likewise be regarded from the view- 
point of superposition of states. In this case, too, the exchange 
forces ensure the molecule a high stability. These forces fall off 
rapidly with distance, an the simplest case approximately in 


accord with the law e* (where C is a constant). One of the 
distinguishing features of exchange forces is their dependence 
upon the mutual orientation of the electron spins. In particular, 
it turns out that for anti-parallel orientation of spins, H atoms 
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attract to form a stable H, molecule, while for parallel orienta- 
tion they repulse and no molecule is formed (see Ch. 7). , 

According to the Heisenberg-Majorana theory, a superposition 
of states similar to that which occurs in the chemical interaction 
of atoms may also be invoked to describe particle interaction 
in a system consisting of protons and neutrons, that is to say, 
in an atomic nucleus. For instance, by analogy with the H; 
ion, the state of a deuteron may be symbolically represented 
as n=*p. Continuing the analogy, we may assume that exchan'e 
interaction occurs also between two protons or two neutros 
(in the latter case, the H, molecule is the chemical analogy); 
this, to some extent, accounts for the fact that nuclear forces 
are independent of the nature of the interacting nucleons. It 
may also be noted that this analogy goes still further in that 
the nuclear forces, like chemical exchange forces, depend upon 
the direction of spin. A cogent experimental proof of the depend- 
ence of nuclear forces on orientation of spins is the observed 
difference in cross-sections for slow-neutron scattering on two 
modifications of hydrogen — ortho- and parahydrogen (see Sec. 36); 
it was found that at 20*K the cross-section for neutrons 
scattering on molecules of parahydrogen (the spins of both 
protons are anti-parallel) is approximately 30 times the cross- 
section for scattering on molecules of orthohydrogen (proton 
spins are parallel). 

It was originally supposed that underlying the exchange 
interaction of nucleons is the emission of a f-particle and a 
neutrino by a single nucleon and absorption of these particles 
by another one, similar to the exchange interaction of an H 
atom with a proton, where one may speak of the emission of 
an electron by an H atom and of its absorption by a proton 
(with the formation of a neutral H atom). However, a quanti- 
tative evaluation of the forces arising in the exchange of a 
P-particle and a neutrino carried out by Tamm and others 
showed that these forces are many orders of magnitude weaker 
than nuclear forces. i 

As far as quantitative agreement between theory and experi- 
ment is concerned, we may also, apparently, consider a second 
attempt to reveal the nature of nuclear forces that was made 
by Yukawa (1935) to be just as groundless. He started from the 
premise that the exchange interaction of nucleons is effected by 
means of particles heavier than electrons but lighter than pro- 
tons. Particles of this kind with mass about 200 electron masses 
were discovered in 1937 with the Wilson cloud chamber in 
cosmic radiation by Anderson, who called them mesons. Later 
it was shown (Williams, 1940) that mesons have a short life- 


Sec. 14] NUCLEAR FORCES 8l 


time and decay (depending on the sign of their charge) with 
the emission of an electron or positron (and, obviously, a neu- 
trino). Subsequently, Powell (1947) succeeded in proving that 
the source of these mesons, called p-mesons (u*- and p--mesons), 
are particles with mass about 300 electron masses, or qt-mesons, 
which are also present in cosmic radiation and which decay 
with the emission of a p-meson and a neutrino: nt —p* +y 
and «> —+y~-++v, Later, m-mesons were likewise obtained in 
the laboratory. Also discovered were neutral a-mesons (x^) that 
arise in collisions of fast protons with nuclei; later, they were 
discovered in cosmic radiation as well. 

In contrast to p-mesons, which interact very weakly with 
nuclei sx-mesons are strongly absorbed by the latter, whence 
it follows that the forces acting between mesons and nucleons 
are particularly great in the case of x-mesons. This superg 
that exchange interaction between nucleons is accomplished by 
means of a-mesons, and the underlying principle of this inter- 
action is the emission and absorption of 2-mesons. However, 
as has been pointed out above, all attempts at a quantitative 
interpretation of nuclear forces from the point of view of meson 
theory have failed. For this reason, the meson theory concept 
of nuclear forces cannot, at present, be considered substantiated 
to any extent. 

Yet there can hardly be any doubt about the exchange nature 
of nucleon interaction. For one thing, exchange interaction of 
neutrons and protons readily explains the results of experiments 
in the scattering of fast neutrons (energy of the order of 100 MeV) 
by protons, where a large number of fast protons was detected 
moving in the direction of motion of the neutrons. It was shown 
that the appearance of so many fast neutrons cannot be due to 
simple elastic scattering of neutrons and that these protons are 
due to an exchange of charge, i.e., the transformation, into a 
proton, of a neutron moving past a proton at a sufficiently small 
distance, and of this proton into a neutron. 

We may add that the p-activity of nuclei is interpreted as 
the decay of a meson, at the instant of its emission by a nuclear 
nucleon, into an electron or positron and a neutrino. Insofar as 
the conversion of a proton into a neutron (with the emission of 
a positron and neutrino) requires energy, this process is accom- 
plished only in the nucleus, accounting for the p*-activity of 
nuclei. Now the transformation of a neutron into a proton, which 
lakes place with release of energy, can also occur in the free 
state. In the latter case, the process n—p-4-f---w is accom- 
panied by the release of 0.782 MeV of energy in the form of the 
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maximum energy of emitted electrons; and the neutron is char- 
acterised by a half-life of 12.8 minutes. 

Subatomic particles. The problem of the nature of nuclear forces 
is closely connected with that of the nature and interaction 
of subatomic particles that have been discovered in recent years 
during cosmic-ray investigations and in part obtained artificially 
by bombardment of various targets with protons of several BeV 
accelerated in proton synchrotrons. There is now hardly any 
doubt left that the solution of the problem of the nature of 
nuclear forces is to be sought in studies of subatomic particles. 
Without going into details we will confine ourselves to an enu- 
meration of presently known particles and some oi their prop- 
erties. 

First oi all we note that these particles include also the cor- 
responding antiparticles: positron (antielectron), antiproton, anti- 
neutron, etc. Some of these antiparticles were first predicted 
enre tically and only Tater discovered experimentally. Thus, on 
the Dirac theory of the electron there exists a particle with the 
same mass as that of the electron but with opposite (positive) 
electric charge. The positron turned out to be just such a par- 
ticle, In exactly the same way, on the Dirac theory, the proton 
and neutron should likewise have antiparticles. The antiproton 
(with proton mass but negative charge) was first discovered in 
the laboratory by Chamberlain, Segré, Wiegand, and Ypsilantis 
in 1955 through an analysis of the masses of negative particles 
produced in the bombardment of a copper target with fast pro- 
tons (K,7 4 BeV). The antineutron, which differs from the 
neutron by the sign of its spin, was discovered in 1956. 

All presently known subatomic particles may be divided into 
the following four groups. Group one includes heavy particles oi 
mass equal to or greater than that of the nucleon (proton, neu- 
iron) and also the corresponding antiparticles. The heaviest known 
subatomic particle is the E-particle with a rest mass of 2585 
electron masses (m,). The E-particle has a lifetime t — 10-* — 10-* 
sec, after which it decays into a A-particle (see below) and a 
negative pion ferre). Then there is the X-particle, which is 
known in the form of a positive particle (2+) of mass 2325 m, 
and v—7510-'* sec that decays into a proton and a neutral 
pion (z^) or into a neutron and positive pion (x*); in the form 
of a negative particle (3~) of mass 2341 m, and t — 1.5 X 10-'* sec 
that decays into a neutron and a negative pion (x-); and in the 
form of a neutra! particle (X°) of mass 2324 m, that decays into 
a A-particle and a photon. 

Finally, the group of heavy subatomic particles includes the 
proton, the neutron, and the A-particle (the latter is known only 
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in the form of a neutral particle, A^. The A°-particle has a 
mass of 2182 m,, a lifetime t=2.7 X 10-'* sec and decays into 
a proton and a negative pion or into a neutron and a neutral 
pion. 

The next group is composed of particles with mass less than 
that of a nucleon but greater than that of a muon (-meson). 
These include the K-meson and pion. The K-meson is known in 
the form of a positive (K*) and negative (K~) particles of mass 
966.5 m, and 1— 1.2 107° sec, and a neutral particle (K^) of 
mass 965 m, and t=1>< 107" sec (anti-K^ has a lifetime be- 
tween 3X 107° and 10-* sec) The K-meson undergoes many 
types of decay: into a muon and neutrino (or antineutrino), into 
two or three pions, into a muon, pion and neutrino (antineutrino), 
and into an electron (positron), antineutrino (neutrino) and pion. 
Pions existing in the form of a positive (x*), negative (x7), and 
neutral (x^) particles have mass 273.2 m, (x^ and a^) and 
264.2 m, (1°) and lifetime 2.6 X 107* sec (a* and =~) and 10-"* 
to 10-7* sec (x^). The m^-particle decays into a positive muon 
(u*) and a neutrino, x7, into a negative muon (p~) and an 
antineutrino, and x°, into two photons. 

The third group of subatomic ‘particles includes the muon, 
electron, and neutrino and their antiparticles. The muon has a 
mass of 206.7 m,; after a lifetime of 2.2 X 10-7* sec it decays 
into an electron (positron), neutrino, and antineutrino. 

Finally, the last, fourth, group is the photon with its rest 
mass of zero. The photon, like the proton, electron and neutrino, 
is stable. 


15. The a-Decay of Nuclei 


Potential barrier of a nucleus. Due to the rapid decline of 
nuclear forces with distance, a positively charged particle (for 
example, a proton or o-particle) will experience diminishing 
attraction near the surface of the nucleus when receding from 
the latter, and at a certain distance a the forces of attraction 
will be balanced by the Coulomb force of repulsion, which will 
become predominant at r>a. From this it follows that the 
internal part of the nucleus is separated from the outer space 
by a certain potential barrier. The curve of nuclear. potential 
U(r) for an a-particle as a function of its distance from the 
centre of the nucleus is given schematically in Fig. 14. 

It must be noted that if something in the nature of separate 
groups consisting of two protons and two neutrons do exist in 
nuclei, these groups, by virtue of the interaction of each nucleon 
with all of its immediate neighbours in the nucleus (due to the 
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close packing of nuclei), may be identified with a-particles only 
in a very approximate manner. It is in this sense that in fu- 
ture we shall speak of the penetration of o-particles into a 
nucleus, of their existence there, and their ejection from the 
nucleus. According to Frenkel, isolation of a group of two pro- 
tons and two neutrons, i.e., the formation of an a-particle in 
nuclear o-decay occurs in the course of decay, just as the forma- 
tion of NaCl molecules takes place during their evaporation 
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Fig. 14 Nuclear potential for c-particle 


irom the crystal or from a melt of sodium chloride in which 
the sodium and chlorine are present in the form of Na* and Cl 
ions. 

The potential barrier is the barrier that prevents penetration 
of a charged particle into the nucleus. By measuring the min- 
imum charged-particle velocities at which interaction with the 
nucleus (and, hence, penetration) is possible, we can form some 
idea of the height of the potential barrier of the nucleus under- 
going bombardment. This height is measured by the distance of 
the top point of the barrier from the energy level that corre- 
sponds to infinite recession of the bombarding particle from the 
nucleus. For example, from the fact that the reaction He; -+ N; = 
=0;'-++Hi is accomplished for any values of energy oi the 
a-particles exceeding 4.0 MeV, it may be concluded that the 
height of the potential barrier of a nitrogen nucleus for an 
a-particle is approximately 4.0 MeV. Analogously, we obtain the 
height of the potential barrier of an aluminium nucleus at 
6.8 MeV. 

It is also possible to evaluate the height of the potential bar- 
rier as follows. As has already been pointed out (p. 43), from 
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experiments in the anomalous scattering of a-particles by various 
nuclei we obtain for the radius of the nucleus a the expression 


a=as/Z 


where a=2<10-% cm. Since the quantity a determines the 
distance from the centre of the nucleus at which the nuclear 
field differs perceptibly from the Coulomb field (according to 
Fig. 14, this can occur only close to the top point of the po- 
tential barrier), the height of the barrier (for this nucleus) may 
be found as 
2 
ezh (15.1) 


max a 


U 


whence, on the basis of equation (9.5), we obtain 
Wig 1 442% MeV. (15.2) 


However, the height of the potential barrier is far from being 
the only criterion that determines the possibility of nuclear 
transformation involving charged particles. The following exam- 
ples will elucidate this. Earlier, from the possibility of a reaction 
of the nuclei of nitrogen and aluminium with a-particles having 
energy in excess of a certain limiting value, we concluded that 
the height of the potential barrier of these nuciei approximately 
corresponds to the appropriate limiting values of energy of the 
a-particles (4.0 and 6.8 MeV). These values of barrier heights 
also turn out close to those computed from formula (15.2), 5.3 
and 8.0 MeV, whence it may be concluded that in this case we 
are not far from the truth. It would, therefore, seem that the 
penetration of an a-particle into the nucleus (which is a prereq- 
uisite to a nuclear reaction) at a-particle energies less than the 
height of the potential barrier of the given nucleus should be 
absolutely excluded. However, experiment shows that in a num- 
ber of cases the reaction nevertheless takes place, even though 
this condition is not fulfilled, as long as the energies of the 
a-particles have strictly definite values (though lower barrier 
heights), For example, in the case of aluminium (Aly), which, 
as we have seen, has a potential barrier of 6.8 MeV, in addi- 
tion to a-particles with energies that satisfy the condition 
mv?/2>6.8 MeV, there have been found discrete groups of a-par- , 
ticles with energies 4.00, 4.49, 4.86, 5.25, 5.75, and 6.61 MeV 
that are capable of entering into the reaction Hei-4-Alii— 
—Si2-L-Hi. For a reason which will be given below, these and 
analogous cases are called resonance penetration of a-particles 
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into the nucleus. It follows from the existence of resonance 
penetration that a-particles can enter the nucleus not only by 
passing over the potential barrier, but also by penetrating through 
the barrier. 

In classical mechanics, processes of this kind are out of the 
question because they are associated with passage through a field 
of negative kinetic energies (imaginary velocities). On the con- 
irary, wave mechanics, which describes the motion of a particle 
as a certain wave process, permits such processes and attributes 
to them a probability diflerent from zero. According to the 
wave theory, a-particles with kinetic energy less than the height 
oi the potential barrier are reflected from ihe barrier when col- 
liding with the nucleus, though a small 
portion of them have a chance of pen- 
etrating the nucleus through the bar- 
rier. In wave mechanics, such processes 
are known as funnel processes. 

An analogy may be found in op- 
ties. We know that in the case of 
total internal reflection, in addition 
to the reflected wave (which carries 
Fig. 15. Path of ray in off most of the energy of the incident 
total internal reflection. light) there is a wave of low inten- 

sity, which is refracted at the inter- 
face and penetrates into the second medium. This analogy will 
be still more complete if we consider reflection and refraction 
of waves in a system of two rectangular prisms as shown in 
Fig. 15. Denoting the distance between the adjacent planes of 
the two prisms by d, we can consider the following two limit- 
ing cases: the case when d is great in comparison to the wave- 
length A, and the case of d<h, which corresponds to prac- 


tically complete contact of the prisms. In the former case, the : 


intensity of the refracted wave passing from the first prism into 
the second will be Practically zero, that is, we will observe 
total internal reflection. But in the latter case, due to the prac- 
tical absence of a reflecting surface, the wave will pass unim- 
peded from the first into the second prism. Whence it is seen 
that lor dA there will be an intermediate case, when the 
intensities of both waves (reflected and refracted —the latter 
passing into the second prism) will be finite. The finite probabil- 
' ity of penetration of c-particles into the nucleus at an energy 
less than the height of the potential barrier corresponds precisely 
lo this case, the role of d being played by the width of the 
potential barrier, which is measured by the distance between 
two points of the potential curve, these (wo points corresponding 
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io the same energy and being situated on opposite sides of the 
top point of the barrier. 

The necessity of assuming tunnel penetration of a-particles 
through the potential barrier becomes particularly obvious if we 
turn to a detailed consideration of the phenomenon oi natural 
a-decay. Indeed, we saw that the height of the potential barrier 
may be expressed by formula (15.1) to a rather high degree of 
accuracy. For uranium (Z = 92), this formula gives U max = 29 MeV. 
Therefore, if a-particles left the uranium nucleus by surmounting 
the potential barrier, their kinetic energy after ejection from 
the nucleus, determined in this case by = 


oo 
? 2e'Z 2e°Z 
met PE dr =A" (=U), 
a 

should come to about 29 MeV. Yet experiment shows that the 
energy of the uranium-emitted a-particles is only 4.21 MeV, 
i.e., considerably less than the height of the potential barrier. 
The situation is similar for all other. a-active elements. Thus 
the only path of a-particles in a-decay of nuclei is tunnel pene- 
tration through the potential barrier of the nucleus. x 

This conclusion follows also from general reasoning about 
nuclear stability. Indeed, if only particles of sufficiently high 
energy can leave the nucleus over the barrier, the nuclei of 
a-active elements should be absolutely unstable; but this contra- 
dicts the finite and, frequently, very small probability of a-decay. 
This reasoning, therefore, leads to the conclusion that a specific 
energy level (or levels) below the top point of the potential bar- 
rier should correspond to o-particles in the nucleus. Due to the 
possibility of tunnel penetration through the barrier, an a-par- 
ticle will always have a certain probability ^ of leaving the 
nucleus without inducement by any external force, in particular, 
without energy being supplied. In this process, the number of 
nuclei decaying in unit time will, obviously, be equal to s 

dn 
an 

where n is the concentration of radioactive matter at time t; 
thus we obtain an empirical law of radioactive decay (10.1). The 
character of this law expresses the basic fact that radioactive 
decay follows the laws of probability, the decay constant A being 
interpreted as the probability of decay. > y 

Theory of a-decay of nuclei. The theory of radioactive decay 
of atomic nuclei was given by Gamow (1928) and Gurney and 
Condon (1928). Fundamental to this theory are the above-described 
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concepts concerning tunnel penetration through the energy 
barrier. This penetration is one of the manifestations of the wave 
properties of matter. As we have seen, the occurrence of tunnel 
processes logically follows from the entire assemblage of experi- 
mental data that refer to a-decay of atomic nuclei. 

When computing the constant of a-decay, Gamow proceeded 
irom a simplified view of the shape of the potential barrier, 
assuming the potential energy of the a-particle to be constant 
(U,) when r<a and expressed by the formula 


Ug == 
which corresponds to Coulomb interaction of the residual nucleus 


and the a-particle when ra. Here, U (3) —2 (Z — 2) e a>U,. 
The expression Gamow obtained for the decay constant A is of 


the form 
Y2m (Ze 
rae S i ap: DENS 
re ate (15.3) 
“where E is the a-particle energy (equal to mv*/2) and 
[20-2 
Ew E 


is the distance separating the centre of the nucleus from the point 
on the outer portion of the potential-energy curve that corresponds 
to U=E. In corpuscular interpretation, expression (15.3) is the 
product of the frequency of oscillations of an a-particle in the 
nucleus, or the number of its impacts per second against the 
barrier, by the probability of penetrating through the barrier. 

Integrating the expression obtained and expanding it in a se- 
ries of powers of the small quantity a/r*, we obtain from (15.3) 


ae Vm 


h vZ _4ne(Z — 2) 
(CP ay (15.4) 
This expression, rewritten in the form 
Inh —A—B, (15.5) 
where 
& 4e Y m. 4 7————— 
AE exu sd 
and 


4ne* 


caua aD: 


Sec. 15] 


a-DECAY OF NUCLEI 89 


corresponds to the empirical relation between the constant of 


a-decay and the a-particle 
path length, 


InR=alna+p, (15.6) 


established by Geiger and 
Nuttall as early as 1912. 
This relationship, or the 
Geiger-Nuttall law, may, with 
the aid of the empirical for- 
mula 


R=cy | (05:7) 


found by Geiger and connect- 
ing the path length of the 
a-particles with their veloc- 
ity,* also be written as 


Ink=A'--BiIny. (15.8) 


The values of In À for the na- 
iurally radioactive elements 
of the uranium series are giv- 
en in Fig. 16 as a function of 
the logarithm of energy of 
a-particles E, which is a lin- 
ear function of Inv (crosses) 
and also of E-'5, which is 
proportional to l/v (open cir- 
cles). We see that, to a suffi- 
cient degree of approximation, 
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Fig. 16. Relationship between the constant 
of a-decay oi nuclei and the energy of 


a-particles 


both cases yield a straight line and that the empirical formula 
(15.8) and the Gamow formula (15.5) both convey very well the 


dependence of À on v over t 


he entire range of values of A and v. 


The Geiger-Nuttall law is thus theoreticatly substantiated. 


* Formula (15.7), which underlies one of the important methods of deter- 
mining «-particle energy (from their path length R) is derivable also theoret- 
ically from the following simple reasoning. Taking the energy lost by an 
a-particle per unit length of its path in a stop ing medium to be propor- 
tional to the time the a-particle is near the molecules encountered on its 
way, and, consequently, inversely proportional to the velocity of the œ- 


particle, we can put 


Integrating this equation, we obtain cv? |) =x |B. i en R=Cv*. 
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It should, however, be pointed out that when utilising data 
for artificially obtained a-active isotopes even within the limits 
of a single radioactive series, there is a considerable spread of 
dots, though the general tendency towards a concentration of 
dots near the Geiger-Nuttall line is retained. Particularly great 
are the deviations from this straight line in the case of the 
transuranium elements, i.e., elements with nuclear charge great- 
er than that of uranium (Z— 92), which was the last element* 
in the Periodic Table prior to the discovery of the artificial 
transformation of elements. For example, on the basis of the 
measured values of o-particle energies E of two isotopes of the 
96th element curium Cm: and Cm**, from the straight line in 


Fig. 16 we obtain values of half-lives that are less than the observed 
half-lives by five orders of magnitude. In exactly the same way, 
the isotopes of the 98th element californium Cfzss and Cf2° show 


half-lives that are less than the observed ones by 7 to 8 orders. 
of magnitude. 


From the point of view of the theory of a-decay, these and 
other deviations from simple monotonic dependence of À upon 
v may in part be explained by the fact that the quantities 
A and B in (15.5) are not constants, due to their dependence 
on the radius and charge of the nucleus. According to Gamow, 
deviations from a monotonic relationship should be observed in 
cases when the smooth variation of a and v in the given radio- 
active series is disrupted. 


One reason for relation (15.5) not being fulfilled may possibly be 
its insufficient accuracy due to the approximate character both of 
its theoretical calculation and of the theory itself, which assumes 
the existence of individual a-particles in the nucleus, whereas 
in reality these particles are, apparently, formed in the nucleus 
(from protons and neutrons) only in the course of a-decay. 


* The transuranium elements are ordinarily obtained by bombardment of 
heavy elements with multiply charged ions of high energy needed to over- 
come the Coulomb barrier. Thus, for example, isotopes of the 99th element 
einsteinium Es?** and Ess, were obtained by bombarding uranium-238 with 
ions of nitrogen N++++++ of energy about 100 MeV in the reactions 
Ui? (N;*, 6n) Es?* and Ups" (N;*, 5n) Es®7. Element 101, mendelevium, was 
obtained in the bombardment of einsteinium-253 by 41-MeV a-particles in 
the reaction Esj (a, n) Mv?9*. Mendelevium-256 has a half-life of about 
30 min and converts into element 100, fermium, by electron capture. Element 
102, nobelium, was obtained by bombarding curium (Z=96) by C" ions. 


Element 103, lawrencium, was recentl Obtained by bombardin li i 
(Z=98) with B" and B!! jons. 5 y a ea 
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16. Nuclear Energy Levels 


Nuclear energy levels and the spectra of a-, 8-, and y-rays. 
The presence of definite discrete energy levels of the atomic nu- 
cleus (p. 87) postulated in the theory of a-decay follows directly 
from the fact that a-rays are monoenergetic. Measurements of the 
velocities of a-particles emitted by a given nucleus show that all 
a-particles fall into separaie groups, each of which is characterised 
by a certain velocity that is constant for the given group. In 
such cases, one usually speaks of the fine structure of a-spectra. 
For example, in the a-spectrum of ThC, which converts into 
ThC' with the emission of an a-particle, are observed five groups 
of a-particles with energies 6.0930, 6.0537, 5.7709, 5.6283, and 
5.6095 MeV.* The existence of these discrete groups of a-particles 
indicates that the nuclei in «decay are in various discrete energy 
states. Denoting the energy of the initial and final nuclei by 
e? and e, respeclively, on the basis of the law of conservation 


of energy, we will have 


mvj, , MVir m+ Mir 
e? — 8 mH ess M si (16.1) 


where mv}/2 is the energy of an‘a-particle belonging to a given 


group of «-particles, and MVij2 is the energy of the final nucleus 
(recoil nucleus). The quantity &j — & is called the energy of a 
decay. Substituting into equality (16.1), in place of mv}/2, the 
foregoing values of a-particle energy and m/M = 1/52, we obtain 
for the decay energy the following values: 6.2103, 6.1703, 5.8819, 
5.7366, and 5.7175 MeV. Since, with rare exceptions (see below), 
in the a-decay of atomic nuclei the disintegrating nucleus is in 
a state with least energy (we shall call it the ground or normal 
state), which is the case also in the a-decay of a ThC nucleus, 
we can put e? — e — const, Thus, the existence of various discrete 
groups in the a-spectrum in this and similar cases is due to the 
fact that the final nucleus (ThC" appears in different energy 
states. Putting the energy of the ground state of the ThC nucleus 
£,—0, we obtain from the differences of the foregoing decay 
energies for the remaining four levels: s, = 0.0400, e, — 0.3284, 
£,— 0.4737, and e, — 0.4928 MeV. c : 

This energy-level diagram. of the ThC' nucleus is shown in 
Fig. 17. The correctness of this scheme is confirmed by the 


s of a-particles are recorded as 


* In ion i k, these five grou 
If resolution is wea e: group: Paeighted) energy: 


a single monoenergetic group with a certain mean 
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y-spectrum observed in the decay of ThC. The discrete character 
of this spectrum, which consists of separate lines, shows that 
here the y-radiation is due to transitions of the excited nucleus 
from one set of discrete energy states to another set. Identifying 
these states with the energy levels obtained above of the ThC 
nucleus, one should expect that the energy of the observed 
04928 Mev 


Q4737 


05284 


20400 
20000 
Fig. 17. Energy levels of ThC" nucleus (in MeV) 


y-photons (y—hw) will be equal to the energy differences of 
the corresponding levels, because from the law of conservation 
of energy we have * 


8p — £p = yp = hiv. (16.2) 
obtained values of e, are compared with the y-photon energy. 


It is seen that six out of ten diflerences (within measurement 
error, which in the case of yrays comes to 1°/,) coincides with 


greater than the number of actually observed transitions, i.e., 
than the number of lines in the spectrum of the given element. 


* A type (16.2) relation was first used by J. J. Thomson in 1912 to explain 
the structure of the characteristic Spectrum of X-rays (see below, p. 143). 


Sec. 16] NUCLEAR ENERGY LEVELS 93 


Table 3 
Energy levels and y-spectra of THC” nucleus 


Energy difference, Y-quanta, 
MeV MeV 


Thus, from the foregoing it follows that excited ThC" nuclei 
which appear in the a-decay of ThC pass into the ground state 
with the emission of y-photons. The pattern is practically the 
same in all other cases of y-decay. Such is the origin of y-ra- 
diation attending the o-decay of nuclei. 

Sometimes cases are observed in a-decay when a part (usually 
insignificant) of the initial nuclei is also in one of the excited 
states. In such cases, in addition to «-particles of energy ordi- 
narily between 4 and 8 MeV, there are observed so-called long- 
range a-particles with energy exceeding 8 MeV. For instance, in 
the o-spectrum of ThC, in addition to an' intense basic group of 
a-particles we find three exceedingly weak groups with energies 
K=8.776, 9.491, and 10.542 MeV. Computing from these values 
the appropriate decay energies, e? — e — 8.942, 9.670, and 
10.741 MeV and attributing the least of the values obtained 
to transition from the ground level of the ThC nucleus, we 
have for the levels of this nucleus: & 9 e, 0.728, and 
2,==1.799 MeV. The reliability of these values follows from the 
fact that the differences 8, — ĉo and 8£,— ê practically coincide 
with the energies of ThC y-photons, 0.726 and 1.802 MeV. The 
f the transformation, ThC—> Thc’ — ThD (Pb), 
is given in Fig. 18, in which the transitions accompanied by ` 
y-radiation (y-transitions) are shown by wavy arrows. 

Excited nuclei also appear in f-decay and electron capture, 
in the bombardment of nuclei with fast neutrons, protons, %- an 
other charged particles (inelastic collisions), and also in various 
nuclear reactions. By way of illustration, Fig. 19 gives the 


B-decay scheme of Mn&. Here, we see three f-spectra with maxi. 
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mum energies 0.75, 1.04, and 2.81 MeV, whence it follows that 
the electron decay of Mn** yields at least three different energy 
states of the final nucleus Fes, A parallel investigation of the 
y-Spectrum, which contains three lines with quantum energies 
0.822, 1.77, and 2.06 MeV, leads to the decay scheme given in 
Fig. 19. Similar schemes have been established for nearly all 


B-active nuclei. Finally, Fig. 20 gives the energy levels of an 
O" nucleus as obtained in various reactions. 


ThC 


long-range normal 
ThD 
Fig. 18. Radioactive transformation Fig. 19. Beta-decay of Mnf . 
The ThC' 5 ThD (Pb) The energy differences are 


given in MeV 


Mean lifetime of excited nuclei. To various excited states of 
the nucleus there correspond different mean lifetimes (t), which 
determine the probability of B- or y-transition into a state with 
less energy* and which are reflected in the intensity of the cor- 
responding spectrum. ** Without touching on the question of the 
nature of the internal factors that determine the probability of 
the various nuclear transitions, we note here only the extremely 


. * The mean lifetime is usually determined as a reciprocal to the transi- 
tion probability or the decay constant A:T= 1/4. The half-life Ty, and «v are 
connected by the lollowing obvious relation: Ti, — 1n 2. 

** [n the vast majority of cases, the probability of transition of an excit- 
€d nucleus to a lower state with «-particle emission is appreciably less than 
the probability of y-transition to the same state. For this reason, 
nuclei, the lifetimes of which are determined by the probability of c 


lion, are extremely rare. These include the emission of long-range o-particles 
by certain nuclei. 
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broad range covered by the quantity +t, which varies from 
10-** sec to values exceeding minutes and tens of minutes * in 
the case of y-transitions, and from 10-2 sec to 10° years and 
more** in the case of B-transitions. Obviously, when both y- 
and -transitions are possible from a given level of an excited 
nucleus, the mean lifetime will be determined by the sum of 
the probabilities of both transitions A=), Ag: 


= (16.3) 


When the probability of one of the transitions is considerably 
greater than that of the other, the mean lifetime will, obviously, 
be determined by the greater probability. Thus, when AA 
we A have t= 1/h ==, and, accordingly, when hy «ES 
t= lA — 

Nucléar isomerism, In the case of a sufficiently long lifetime 
we will have excited metastable nuclei that behave like ordinary 
active nuclei in the ground energy state. The excited nuclei 
will (like the nucleus of the given element in the ground State) 
have the same number of protons and neutrons but will differ 
in its radioactive Properties. These nuclei have been called 
isomeric nuclei. Nuclear isomerism was first discovered by Hahn 
(1921) in uranium Z, which turned out to be an isomer of ura- 
nium X,. With one and the Same number of protons and neu- 


B 
, 


minutes, respectively) and different B- and y-spectra. It turned 
out that UZ corresponds to the ground state of the protactinium 
isotope Pani while UX,, to the excited (metastable) state of 
this isotope; in 99.85 cases out of 100, UX, converts into 
UII (U£*) by electron decay, and, in 0.15 case, with the emission 
of a y-photon (y— 0.394 MeV) it passes into the ground state, 
i.e., it “converts” into UZ 

, Nuclear isomerism is particularly widespread among the arti- 
ficially radioactive isotopes. Here, the existence of isomeric 
nuclei was first established by I. V. Kurchatov, B. V. Kurcha- 
iow E V: Mysovsky and L. I. Rusinov (1935) in the case of 
the B-active isotopes of bromine Bre’. It was demonstrated that 
the ground state of this isotope is a state with a half-life of 


18 minutes, while the excited metastable nucleus Br" has a half- 


+ As an exception, unusually long lifetimes have been obtained for all 
known isotopes of tellurium with odd mass number: from 1.75 days for Te! 
to 200 days for Tet, 


* For example, for Ks and Rb*? « is, ively, 8 i 
109 >X 10° years, and for Re™, 8400 X 10° neh SE GRE gt mn 
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life of 4.4. hours and passes into the ground state by emission 
of two successive y-photons of energy 0.049 and 0.037 MeV. 

During the past 20 years a large number of cases of nuclear 
isomerism have been discovered. The number of isomeric nuclei 
with short lifetimes is especially great. 

Nuclear excitation in inelastic collisions with neutrons and 
charged particles. The excitation of atomic nuclei by bombard- 
ment with fast particles is the simplest case of an inelastic col- 
lision.* This excitation will be detected by changes in the 
spectra of the bombarding particles and also by the y-radiation 
of the excited nuclei. For example, in the inelastic scattering, 
by magnesium, of monoenergetic neutrons with initial energy 
2.5 MeV, the spectrum of scattered neutrons exhibits a new 
group (in addition to the given group) of neutrons with energy 
1.1. MeV, whence. for the excitation energy of the magnesium 
nucleus it follows that e—1.4 MeV. This same value is also 
obtained from experiments in the inelastic scattering of protons. 
The approximate value thus obtained of the excitation energy 
of a magnesium nucleus is in good agreement with the value of one 
of the two y-photons observed in the y-spectrum of the reaction 
Na? (B-) Mgt: 1.380 and 2.758 MeV. That this spectrum belongs 
to the magnesium-24 nucleus is obvious from the following cal- 
culation. Since special experiments have shown that these 
y-photons are emitted in succession (in a cascade), we should 
obtain the energy of the f-decay of Na?* by summing the energy 
of these photons with the maximum energy of the p-particles of 
Na?, This summation gives Q=5.528 MeV, which is in good 
agreement with the value 5.555 + 0.035 MeV obtained from the 
known masses of the atoms Na'f and Mg 

In exactly the same way, the excitatio 
cleus s— 0.480 MeV is obtained both from the y-spectrum observed 
in the inelastic scattering of protons and a-particles by lithium-7, 
ie, in the processes Li’ (p, p)Li' and Li? (a, @') Li’, and in 
the following reactions: Be’ (K)Li' from the — y-spectrum, 
B” (n, a) Li? from the æ- and y-spectra, Be’ (d, aœ) Li? from the 
a- and y-spectra, and Li’ (d, p) Li? from the y-spectrum and the 
roton spectrum. 
: In mp. nuclear reactions that lead to the excitation 
of the Li’ nucleus, the final nucleus is excited. Also widespread 
are cases when, in the course of a nuclear reaction of the types 


a 
n level of the Li} nu- 


ast particle x with a nucleus Y, which 


* The i - ae ERU 
E a sually denoted by the symbol Y (x, x’) Y^ 


leads to excitation of the latter, is usua ^ i th [ 
where x’ is the particle x that suffered inelastic collision. This process may 


be regarded as a particular case of the nuclear reaction Y (x. y) 
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considered, an intermediate nucleus is excited that corresponds to 
a certain transition state of the system on its way trom the 
initial to the final state. Let us consider the general case of the 
reaction A-I-a—B +b, where A is the initial and B the final 
nucleus, a is the bombarding particle and b is the particle 
formed as a result of the reaction. This reaction, which symboli- 
cally may also be written as A(a, b) B, embraces all types of 
particle interaction with a nucleus, including elastic (b— a) and 
inelastic (b—4a') impacts and all possible nuclear reactions that 
lead to the formation of a new element or a new isotope of the 
initial element. When b=y (photon) we have a reaction of 
particle capture, and when a— y, we have a photonuclear reac- 
tion. In all these cases, according to views most clearly stated 
by Bohr (1936, 1938), when a particle a penetrates into the 
nucleus,* which is a system of many bodies (nucleons), its energy 
is distributed among all the nuclear particles. This leads to 
a complex, or intermediate, nucleus which has a greater or lesser 
degree of stability characterised by a certain mean lifetime t. 
The magnitude oi t is determined by the probability of such 
a redistribution of energy in the complex nucleus that results in 
a certain nuclear process becoming possible. Depending on the 
nature of this redistribution of energy and its concentration on 
a given particle, the latter can escape from the nucleus. 

Thus, according to Bohr, every nuclear process should be rep- 
resented as a double transition: initial state of the system 


(A 4-a) FERS complex nucleus GS final state of the system (B-b). 
We note that in the case of -decay the initial nucleus can be 
considered as a complex nucleus, since here the disintegration 
into a new nucleus and an a-particle takes place without any 
external force. 

Due to the finite lifetime of a complex nucleus v, it (like any 
other nucleus) can have definite energy levels, which may be 
detected by the appearance of specific (resonance) peaks on 
a curve of cross-section or probability of reaction versus the 
energy of the bombarding particle. A resonance peak of this kind 
is seen in Fig. 21, which gives the curve of neutron yield in 
the reaction Bei(p, n) B; for various proton energies. Another 
case are the curves of cross-sections of the reaction AI (p, a) Mg? 
and the reverse reaction Mgis (a, p Al given in Fig. 22. For 


* An exception to this mechanism are the deuteron reactions (d, n) and (d, p), 
which are accomplished in such manner that, due to a small binding energy, 
the deuteron (even near the surface of the nucleus) splits into a proton and 
neutron, one of which is absorbed by the nucleus and the other remains free» 
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these reactions, from the law of conservation of energy, we have 
Q+K=et+K 

where Q is the formation energy of the complex (intermediate) 

nucleus, which in the cases given above is the nucleus B; and, 


respectively, Sit; this energy 
is computed from the follow- 
ing formula: : 


Q= (m, ma — Ma +a) 


(m, is the mass of the bom- 
barding particle, ma is the 
mass of nucleus A, and 
ma „a is the mass of the com- 
plex nucleus); K, is the ener- 
gy of the bombarding par- 
ticle at resonance maximum, 
K, is the kinetic energy of 
the complex nucleus equa! to 
the kinetic energy of the cen- 
tre of gravity of the system, 
and e, is the excitation energy 
of the complex nucleus. From 
the law of conservation of 


momentum it follows that 
K == Ke Substituting 
A+ 


K, into the preceding formu- 
la, we get 


=Q RK, 


Computing Q from the 


atomic masses of Bei, 


800 


500 


Neutron yield n 


24 28 
Proton energy, Mev 
Fig. 21. Neutron yield in Be? (p, n) B® 


reaction for various energies of bombard- 
ing protons (after Hushley) 


(16.4) 
Mata 
Bi’, and Hj and 


substituting this quantity together with K,—2.52 MeV into 


(16.4), we find e=8.86 


nucleus in the reaction Bei 


MeV for the excitation energy of the B? 
(p, n) Bs. 


In the same way, from 


the values of K, that correspond to the four most intensive peaks 


on the curves of 
the nucleus Siis 


Fig. 22, we obtain 
e=—2.755, 2.931, 


for the excitation energy of 
3.002, and -3.280 MeV. 


Fig. 22 also illustrates one of the few sufficiently investigated 
cases of two nuclear reactions that proceed in both directions. 
Considering two such reactions (in the general case, A+a—B+b 


and B 


THEA E 
the statistical 


a) it should be concluded, 


principle of 


on the basis of 


detailed balancing, that both 
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reactions must proceed via one and the same complex nucleus. 
It may, therefore, be expected that the cross-sections of the di- 
rect and reverse reactions will be in a definite ratio. Indeed, 
a consideration of statistical equilibrium Ata=C=2B+b 
leads to the following formula: 


Gap (Va) M 
Tu (16.5 
Sy (v) — ^ , 


where o,, and oy, are the eflective cross-sections of the direct 
and reverse reactions, 4, and A, are the de Broglie wavelengths 
a and b; the velocities of these particles are connected by a 
definite relationship derived from conservation laws. For example, 
for the centre of gravity of the system, i.e., in coordinates. 
fixed in the complex nucleus, this relationship is “of the form 
Tl 2 
3 + Q= TQ is the energy of the reaction). On the basis 
of (16.5), we should expect parallelism in the course of the di- 
rect and reverse reactions; this is clearly obvious from the curves 
in Fig. 22. We note that in this figure ihe energy scale of 
a-particles (reverse reaction) is displaced relative to the scale of 
proton energy (direct reaction) to such a degree that there is. 
a coincidence of peaks corresponding to identical excitation 
energies of the Si nucleus. The energy thus obtained of the 
reaction AI? | H' = Mg" + He*, Q = 1.613 40.008 MeV, coin- 
cides, within error limits, with that computed from the masses, 


The lower curve of Fig. 22 relating to the reaction Mg" (e, p) AI" 
may be regarded as associated with the penetration of a-particles 
into the magnesium nucleus. We see that in this case the reac- 
tion has a pronounced resonance character. It is therefore natu- 
ral to consider that the earlier mentioned (p. 85) resonance pene- 
tration of c-particles into nuclei is of the same nature. It should 
be pointed out that a connection between the resonance effects 
and the energy levels of the nuc 
with the nucleus was pointed to by Gamow and Gurney, who 
theoretically found that the probability of tunnel penetration 
of an a-particle into a nucleus greatly increases when the 
a-particle energy coincides with that of some nuclear level (we 
are here dealing with the levels of a complex nucleus, i.e., à 
nucleus formed from an initial nucleus and an a-particle). It is- 
this enhanced probability of penetration of a-particles (and also 
other charged particles) into the nucleus that explains the pos- 
sibility of such nuclear reactions proceeding at a measurable rate. 
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Breit-Wigner formulas. The resonance character of the cross- 
sections for nuclear reactions (including the scattering of fast 
particles -by nuclei) is to a certain extent similar to absorption 
and scattering of light by atoms and molecules. This analogy 
was first noted by Breit and Wigner (1936). Underlying it is the 
possibility of regarding the absorption and scattering of particles 
by a nucleus (and also the absorption and scattering of light 
by atomic systems) as a two-stage process. By quantum-mechan- 
ical treatment of the problem of finding the cross-sections for 
nuclear reactions associated with the absorption and scattering 
of fast particles, Breit and Wigner derived formulas that resem- 
bled those for optical dispersion, which express the refraction 
index and the absorption coefficient of light as functions of the 
wavelength or the frequency. Accordingly, the Breit-Wigner for- 
mulas involve the energies and velocities of the particles.* 

By way of illustrating the Breit-Wigner formulas we give the 
following relation: 


re (&)* 
o= OF KT KT (16.6) 


which expresses the /o/a! effective cross-section for neutron in- 
teraction with the nucleus, i.e., a cross-section that corresponds 
to the overall probability of absorption and scattering of a neu- 
tron. In (16.6), K is the energy of the bombarding neutrons, K, 
is the energy at the point of resonance, o, is the appropriate 
(maximum) cross-section, and T is a constant that determines the 
width of the resonance peak. From (16.6) it is seen that for 
low-energy neutrons (K«£ K,) the total neutron cross-section first 
diminishes (approximately like 1/v) with increasing neutron ve- 
locity, then begins to increase, reaching a maximum value (9,) 
at the point of resonance (K — K,), after which it again decreases. 

Verification of the Breit-Wigner formulas by experiment shows 
that they are in good agreement with data referring to various 
reactions. We note that when there are closely situated levels 
in a given energy range of the bombarding particles, the single- 
term formula of type (16.6) is replaced by a sum of terms oí 


lype (16.6), just as in optics for the complex structure of an 
absorption spectrum. 


* It will be recalled that the velocity and kinetic energy of particles are 
connected with the de Broglie wavelength by the fovlow ne relation: E 
Vc h 
my VK 
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17. Fission oi Heavy Nuclei 


Fission reaction of atomic nuclei. The above-considered reactions 
do not exhaust all types of nuclear reactions. So far we have 
hardly touched on an exceedingly important reaction — /he fission 
reaction — with the discovery of which practical use of the enor- 
mous reserves of energy concentrated in atomic nuclei became 
possible. Soon after the discovery of the neutron it was noted 
(Fermi, 1934) that when uranium is irradiated with neutrons, 
a large number of new electron-active nuclei are produced that 
may be detected by their different half-lives, which did not 
coincide with those of any of the then known radioactive ele- 
ments; and so the search was first begun in the direction of 
transuranium elements and also the isotopes of known radioac- 
tive elements. However, chemical separation together with 
B-analysis yielded irrefutable proof that the products of transfor- 
mation of. neutron-irradiated uranium contain elements located 


lished by Hahn and Strassmann (1938) who demonstrated chemi- 
cally that one of the products of transformation of uranium, 
which at first was believed to be an isotope of radium (Rass)» 
is actually barium (Ba,,). It is interesting to note that some- 
what earlier I. Curie and Savitch identified lanthanum (La,,) in 
the products of uranium transformation, but (in spite of the 
data of their own chemical studies) they considered it an isotope 
of actinium (ACs): The identity of this product with lanthanum 
was later confirmed by Hahn and Strassmann, who, in addition, 
identified in the products of uranium transformation a new 
f-active substance with a half-life 3.5 hours and the properties 
of a rare-earth element, and demonstrated that it was not ac i- 


nium, As was later established by Curie and Savitch (1939), 
a"). These new 


this substance is an isotope of lanthanum (L 
d that 


facts were correctly interpreted by Meitner who presume 
leus which arises due to the capture of 


a neutron * splits into two fragments with commensurable masses, 
which is reminiscen i ) 

Meitner and Frisch called the new nuclear reaction a fission 
reaction. According to computations based on the liquid-drop 
model of the nucleus, à charged nucleus with Z—100 should 
become unstable due to the predominance of Coulomb repulsion 


over the forces of attraction. 


* The capture of a neutron by a nucleus of uranium-235 releases an energy 
of 6.0 MeV, by 4 uranium-238 nucleus. 5.7 MeV. 
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The fragments produced in nuclear fission have various 
masses. Thus, from the curve, shown in Fig. 23, of the yield 
of fission fragments of uranium-235 as a function of their masses 
it is seen that the masses of the fragments range from 70 
to 160 (in units of atomic weight) and the most probable is 
nonsymmetric fission with the mass ratio of fragments ~ 2:3. 


70 
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q 
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Fig. 23. Yield of U?" fission fragments under slow-neutron e. 
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Also very great is the diversity of elements in the fission 
fragments, which fact, like the diversity of fragment masses, is 
to be explained by the fortuitous nature of the nuclear fission 
process. Here, naturally, the proton-neutron ratio in the frag- 
ments is maintained approximately as it was in the uranium 
nucleus, three neutrons to two protons. Whence it follows that 
the nuclear charges of the fragments must be in the same ratio 
as their masses, this means that the most probable ratio is 
Z: y Pe): which is in good agreement with experiment. 

Due to the fact that the number of neutrons in the nuclei of 
fission fragments of uranium is far in excess of the number of 
neutrons in the stable isotopes of elements with the appropriate 
atomic numbers, all fragments are electron-active. For example, 
let a uranium-235 nucleus fission according to the following 
scheme: 

Ui — Si + Xe. 


Since the heaviest stable isotopes of strontium and xenon are 
Sr* and Xess, it is seen that the strontium isotope produced 


as a fission fragment contains seven extra neutrons, while the 
xenon isotope contains three. By successive electron emission the 
fission fragments convert to stable isotopes of elements with 
greater Z. Thus arise chains of p--transformations, an example 
of which is the following: 

87; 2.5 X 10^ yrs Bars, 


8-;2 7, 6.7 hrs $7; 9.2 hrs 
B sec 8 Beste Xen Bogle cone Cs " 


Tes LÀ 
We note the regular increase in half-life as we approach a stable 
isobar; this indicates an increasing stability of the nucleus. 

Likewise attributable to an excess of neutrons in the fission 
fragments and in their transformation products is the fact that 


nuclear fission is always attended by neutron emission. Special 
9 to 3 neutrons are emitted in 


are apparently emitted by short-lived fragments (t less than 10A 
ion neutrons. Fission neutrons have a continuous 
imum at about 0.7-0.8. MeV extend- 


ing up to 1 
are ejected fro 


there are also so- ; emitt i 
products after the lapse of a considerable time interval following 


the formation of the fragments. The half-lives corresponding to 
separate groups of delayed neutrons range from 0.05 sec to 120 min, 
those less than a minute being predominant. The total number 
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of delayed neutrons, however, is small and comes out to only 
0.755°/, of the number of fission neutrons (for U*'5). 

The large number of chains of B--transiormations of various 
fission fragments and also the secondary reactions involving 
both fission neutrons and delayed neutrons create, in the fission- 
ing material, a great diversity of active and nonactive nuclei. 
In the case of uranium, for instance, over 300 different active 
fission products have been recorded. 

In rare instances, an a-particle or a particle (nucleus) of greater 
mass is ejected together with the two fission fragments (ternary 
fission). In the fission of uranium-235 by thermal neutrons there 
is an average of one «-particle per 220 fission events and one 
proton per 5000. 

Measurements show that in the fission of uranium about 170 MeV 
energy is released, the major portion of which is originally in 
the form of the kinetic energy of the fission fragments.* A value 
close to this one is obtained if it is taken that all the energy 
of the reaction is concentrated in the fragments and that its 
source is Coulomb repulsion of the fragments. Thus, assuming 
Z,=37 and Z,—55(Z,:2,— 2:3) and computing the distances 
between the fragment nuclei (at the instant of their formation) 
from formula (9.5) as the sum of the radii of these nuclei 
t=a,-+a,= 14.3 X 107" cm, we obtain 

L. 37 X 55 (4.8)? X 1072 
U 14.3 X10 X16 C1078 209 MeV. 


A value that practically coincides with this one is obtained as 
follows, From the curve of binding energy of atomic nuclei 
(Fig. 13), it follows that the binding energy per nucleon (specific 
binding energy) in the range of atomic weights A=95~140 (cor- 
responding to Z— 37-55) is 8.5 MeV and diminishes to 7.6 MeV 
at the end of the Periodic Table. Hence, for the energy released 
in the fission of uranium-235 we find U= (8.5 — 7.6) X 236 = 
=212 MeV. 

Due to the high energy, the fission fragments are strongly 
ionising. For this reason, when using an ionisation chamber it 
is easy to distinguish the fission process from other nuclear proc- 
esses by the powerful surges of current. Due to the high ioni- 
sation density and the considerable path lengths of the fragments, ** 
the fission process may also be photographed with a Wilson 


* A calorimetric determination of the kinetic energy of the fragments of 
uranium-235 fission by thermal neutrons yields 1665. 2 MeV (which is in 
excellent agreement with the measurement data 


** Uranium fission fragments in air at ati i à 
EY NE gi atmospheric pressure have a path 
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cloud chamber or by the method of nuclear emulsions. Fig. 24 
is a photograph of the tracks of fragments in a cloud chamber 
obtained as follows: a thin layer of uranium (in the form of UO,) 
was deposited on a 1micron-thick aluminium foil; the foil was 
placed in a cloud chamber and irradiated with neutrons, The 
result was a picture of fission as shown in Fig. 24. 


Fig. 24. Tracks of uranium fission fragments 
in Wilson cloud chamber 


Uranium is not the only element that is fissionable under 
ium and all the transuranium ele- 


rty. Some isotopes fission even Upon the 

capture of thermal neutrons. These are Us, Un WAS 

Am, Am», Am‘? etc. Other isotopes have been found to have 
» m Eg 


m bx 
id, which is the minimum neutron energy ‘for 


a fission thresho ini 1 
which fission occurs. For Np? the fission threshold is 0.25 MeV, 


for U: 0.28 MeV, for Pat! 0.45 MeV, U: 0.92 MeV, qa 
1.05 MeV, and so forth. Nuclear fission may be initiated not 
only by neutrons but by fast charged particles and y-photons 
(photofission). Thus, it has been found that uranium and thorium 
fission under the action of deuterons of energy K= 8 MeV. The 
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hotofission threshold (the minimum energy of y-photons) is ap- 
promote 9.4 MeV for Thz*, 5 3 MeV for Uzs, 5.1 MeV for 
Us, etc. Hr 
The nuclei of heavy elements are capable, however, of fission- 
ing not only under the action of external factors (irradiation 


N 
z 
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Fig. 25. Spontaneous-fission half-life as a function 
of Z?/A (after Ghiorso). 


with neutrons, y-photons, or charged particles) but also, to a 
greater or lesser degree, spontaneously. Spontaneous fission of 
atomic nuclei was discovered by Flerov and Petrzhak in 1940. 
The appropriate half-life of uranium came out to 3X 10" years 
(more, precise measurements give Ty, =8.0 X 10" years). Later, 
spontaneous fission was established for a large number of nuclei. 
Fig. 25 gives the half-lives for spontaneous fission of elements 
y 
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beginning with thorium and ending with element 100 (fermium) 
as a function of Z?/A. We see that as this parameter increases, 
the half-life exhibits a sharp decrease (almost linear): while for 
anh (Z?/A==34.91) it is 1.4 X 10'* years, for Fmi (Z?/A= 39.37) 
it is only half a year. The significance of this dependence of 
InT,, on the parameter ZA (Fig. 25) will be clarified below. 

Let us now consider reactions of superfast particles, i.e., parti- 
cles of several hundred MeV and more (up to thousands of mil- 


but also Biss Pb,,, Tha» Hg,,, Au, Pt, Ta,,, and other lighter 
elements. A number of peculiarities in fission reactions initiated 
by superfast particles, for example, different products from those 
produced in fission with slow particles, frequently observed 
stable isotopes among the primary fission products, etc., sug- 
gests that nuclear fission is in this case preceded by the emis- 
sion of a large number of neutrons. This assumption is also’ 
confirmed by the fact that the sum of the masses of nuclei that 
arise with the greatest probability is considerably less than the 
mass of the initial nucleus. Thus, the fission of a nucleus by 
superfast particles is to be visualised as a three-stage process 
(in contrast to the two-stage process in the case of uranium 


d BUT ONE 
fission with slow neutrons. n- Us — Ui — fission fragments. 


The fission of bismuth with superfast deuterons may serve as a 
209 


probable instance of the three-stage fission process: d+ Bis — 
Popi Po!» | 12n — fission fragments, or Bits? (d, 12n) Poi? — 


particles follows from 
lision of a superfast par he 
a single nucleon. When this collision tre 
the nucleus, then as a result of subsequent secondary collisions 


of the struck nucleon and of the bombarding particle itself, the 
energy of the latter is distributed among a large number of 
nucleons. This produces a peculiar state of the nucleus, which 
Serber calls the *boiling nucleus"; due to its large store of energy, 
a *boiling nucleus" is capable of emitting (*evaporating") a large 
number of nucleons. However, since the escape of protons from 
the nucleus involves surmounting a high potential barrier, the 
evaporating nucleons must be mainly neutrons; this leads to the 
second stage of the three-stage fission mechanism. The third 
stage of the fission process sets in as a result of increasing den- 
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sity of the positive charge of the nucleus making it unstable 
against fission. 

It should be expected that with increasing energy of the su- 
perfast particles, and, hence, also the energy of the “boiling 
nucleus” under bombardment, the predominance of the number 
of evaporating neutrons over the number of protons will tend to 
diminish. This is corroborated by bombarding nuclei with super- 
fast protons of energy 2.2 GeV (or BeV). From measurements of 
the effective cross-sections of formation of various products it fol- 
lows that the fission of a heavy nucleus (Bi, Pb, etc.) in this 
case becomes relatively less probable and gives way to the prac- 
ess of deep splitting or spallation of the nucleus, i.e., the ejec- 
tion of a large number of nucleons (neutrons and protons), which 
in some cases reaches 60. It is obviously the loss of a large 
number of nucleons that makes fission of the nucleus a less prob- 
able process than spallation. 

Theory of nuclear fission. A pictorial view of the fission process 
of heavy nuclei is given by the liquid-drop model of the nucleus. 
According to concepts developed by Frenkel (1939) and Bohr 
and Wheeler (1939), an external factor acting on the nu- 
leus (for example, the capture of a neutron by the nucleus) gives 
rise to a comparatively long-lived (excited) complex with excess 
energy. The excitation energy of this complex is distributed sta- 
tistically (like the thermal energy of a body having a large num- 
ber of degrees of freedom). As a result of accidental fluctuations 
it can bring about oscillations similar to those of a liquid sphere. 
In a heavy nucleus with a large number of protons, the electro- 
static forces of repulsion, which counteract the stabilising action 
of the forces of attraction, make the oscillations unsteady and 
cause disintegration (fission) of the nucleus into two smaller 
nuclei that correspond to an energetically more suitable state of 
the system. 

Frenkel, Bohr and Wheeler also gave a mathematical theory 
of nuclear fission based on the liquid-drop model of the nucleus. 
Let us first consider the fission process from the point of view 
of its energy balance. Since the portion of energy due to nu- 
clear forces is proportional to the number of nucleons, which 
practically remains constant when a nucleus fissions, we may 
disregard the first two terms in equation (14.1) when computing 
the energy change in the fission process, Thus, with an accuracy 
to within the constant term, we may represent the nuclear energy 
prior to fission in the following form: 


— AE — y As + XZ* A h, 
or, introducing the radius of the nucleus a—a,A'^, in the form 
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aM 
AE =y (Zi 2- (17.1) 
Further, regarding (for the sake of simplicity) the nucleus as 
dividing into two identical fragments, we will have Z,=2,=4 
and a, —a 37 (inasmuch as Aag — nat +512), whence, 


for the fragment energy, we get 
—AE, —AE,=¥ (2) 2+ & gc (17.2) 


On the basis of (17.1) and (17.2), the equation of the energy 
balance of the fission process is written as 


Q—AE,4- AE, —AE—v(&.) 0294 
a 72 -a s? 
praza). (17.3) 
Energywise, fission becomes possible at Q>0. Thus, equating 


(17.3) to zero, we obtain the energy condition: for the possibility 
of fission: e 


(so gi 2" 0,70 17.4 
* (&)z— i Gr 
or, since CES 
; A . 

50.705 (17.5) 


Substituting into (17.5) y= 15.4 and x—0.6 (see p. 78) for the crit- 
ical value of the parameter Z*|A, which determines the possi- + 
bility of fission from the viewpoint of the energy balance of the 
fissioning nucleus, we obtain (Z:[A), = 18. Putting Z= A|2 approx- 
imately, we find A,,=72 for the critical atomic weight. This 
means that fission 1s possible already in the range of medium 
atomic weights. The fact that in reality fission is observed only 
in the case of heavy nuclei is to be attributed to the insuffi- 
ciency of the fission energy condition by itself, for, due to the 
existence of a potential barrier (the penetrability of which is 
small for heavy fission fragments), an additional condition must 
be fulfilled for fission to occur, The essence of this condition is 
that the fissioning nucleus must possess a certain excess energy, 
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called the activation energy in analogy with the activation energy 
of chemical reactions. * 

The problem of the activation energy of nuclear fission was 
investigated by Frenkel, Bohr and Wheeler, and others. Here we 
shall confine ourselves to a consideration of only a few of the 
results obtained. As follows from (17.5), from the viewpoint of 
energy, fission is possible when the electrostatic energy of the 
nucleus xZ^A^': amounts to 70°/, or more of its surface energy 
yA». On the other hand, it was found that the activation energy 
is zero (i.e., the nucleus is absolutely unstable against fission) 
when the electrostatic energy of the nucleus is double its surface 
energy. The condition of absolute instability of a nucleus against 
fission may thus be written as 

Beg Ve = 

R25, = 00. (17.6) 
It may be noted that, according to the latest and most precise 
calculations, the instability condition is expressed by the formula 


Z —46. (17.6) 


Comparing the number 46 with the value of the parameter Z*/A 
for all known fissionable nuclei (including also spontaneously 
fissionable nuclei), it becomes clear that in all cases Z'[A is less 
than 46. For example, for the nuclei Thi, Un', Fm, Z*/A is 
35.0, 36.0, 39.4, respectively. For the first two nuclei, the min- 
imum energy of y-rays that causes photofission is 5.40 and 
5.31 MeV, respectively. Obviously, these numbers can be identi- 
fied with the activation energy values of fission of Thy.’ and 
Ui. We may add that the activation energy of fission of the 
nucleus U5 may likewise be computed from the fission threshold 
of the nucleus Ui; as a result of the capture of a neutron 
(0.28 MeV) and the binding energy of a neutron in the nucleus 
Us (4.9 MeV), whence the value of activation energy is found 
io be 5.2 MeV, Within measurement error, this value coincides 
with the threshold of photofission oí Ui;' (5.3 MeV). Thus we see 
that whereas for a hypothetical nucleus with the parameter 
Z'|A —46 the activation energy is zero, reduction of this param- 
eter to 35-36 yields activation energy values that exceed 5 MeV. 


* For instance, due to the existence of an energy potential barrier, the 
chemical reaction N,O=N,+0 requires an energy of 60 kcal/mol at a reac 
tion heat Q=—39.5 kcal/mol. The reaction D+H,=DH-+H proceeds 
with an activation energy of 7 keal/mol at Q=0. 
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Caleulations made on the basis oi the liquid-drop model of 
the nucleus show that the activation energy of fission increases 
as Z diminishes or as A increases; in other words, as the para- 
meter Z?/A decreases, retaining an approximately constant value 
for constant Z?/A. Thus, there is a correspondence between the 
activation energies 0.5, 1, 3, 5, and 10 MeV and the values of 
the Z’/A parameter close to 42.5, 41.0, 38.5, 36.5, and 34.0, 
respectively. 

A correlation of computations and experimental data reveals 
satisfactory agreement between theory and experiment. Certain 
irregularities observed in the relationship of activation energy 
versus Z*/A are, apparently, due to the fact that the liquid-drop 
model of the nucleus does not take into account quantum effects, 
as, for instance, the dependence of nuclear forces upon nucleon 


of energy will be quasi-periodic, correspon 
levels of the nucleus. However, in this case 


can still occur due to the probability (though small, it is still 
finite) of the tunnel effect. This is precisely 
the mechanism of spontaneous nuclear fission. ó 
From the liquid-drop model of the nucleus 
we may obtain an expression for the proba- 
bility of spontaneous fission in the form Ufa. URS " 
4=vP (17.7) s \ 
where v is the frequency of nuclear oscil- 4 i 
lations, of the order of 10^ sec’, and P is P 


the probability of tunnel penetration, or 

the “transparency” of the potential barrier. Fig. 26. Scheme of a 
We note the close similarity of (17.7) and chain reaction 
(15.3) obtained from the theory of a-de- 

cay. P increases with diminishing difference 1n the energy cor- 
responding to the top point of the potential barrier and the 
energy of the nucleus, i.e., with increasing Z*/A. Whence we 
get the half-life as a function of the parameter ZA in sponta- 
neous fission (Fig. 25). Here, as in the case of artificial fission, 
the slight spread of dots about the curve in Fig. 25 is due to 
the influence of factors not taken into account by the simple 
liquid-drop model of the nucleus. - 

From (17.7) it follows that for P—1 (this occurs when the 
nuclear energy corresponds to the top point of the potential 
barrier, i.e., when the activation energy of fission is zero) the 
decay constant is of the order of 10% sec^* and, consequently, 


5 —3038 
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the half-life is of the order of 10-? sec or 10-** year, This is 
the half-life of an ideal nucleus that is absolutely unstable 
against fission. 


or centres in the form of free atoms and radicals, The chief 
peculiarity of a chain reaction, that distinguishes it from non- 
chain reactions, is its continual regeneration of active centres, 
as a result of which the appearance of each active centre is 
accompanied by a large number of recurring links. The number 
of these links, or the length of the chain, together with the rate 
of generation of active centres is what determines the rate of 
the chain reaction. 

A chain reaction may be represented diagrammatically as shown 
in Fig. 26 (A is an active centre, C is a reaction producti). The 


by the dashed arrow). Finally, arrow 2 denotes the set of proc- 
esses that lead to the disappearance of active centres (to chain 


Denoting the rate of generation of active centres (this corre- 
sponds to arrow 0) by W, and the probability that as a result 


W=VW, 5. (17.8) 


infinitely high rate of the reaction is possible only if e>1. 


Using Semyonov’s terminology, this case corresponds to branched 
chain reactions, 
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Let us now consider a nonsteady-state reaction. In Semyonov’s 
theory, this problem is solved as follows. Designating the con- 
centration of active centres at a certain time t by N, the specific 
rate of the reaction, i.e., the rate of the reaction referred to 
a single active centre, by v,—W/N, and the specific rate of 
disappearance of active centres by v,, we write the kinetic equa- 
tion of the reaction in the form 


N _W, —(v, vg N dee N = We — (vi HV) (1 — 80) N, 


since, by definition, the probability of chain propagation is 
a=v,/(v,-+-v,). Integrating this equation for the boundary con- 
dition N—0 at t=0, we find 


N 1 —e- Git va (1 —ent 
uu uv va icon) 2 


whence, for the reaction rate at t, it follows that 
— Wo Seva) Eat 

W=v N= alle B (17.9) 

From (17.9) it is seen that a steady-state reaction, that is, 

one that proceeds at a constant rate, is possible only when ez < 1. 

Indeed, in this case, for sufficiently large t, (t> l/(v,- V9) (1 — ea), 

when the second term in square brackets is negligibly small, 

(17.8) —the rate of a steady-state reaction — is obtained from 

(17.9). But’ in the case of ea >1, given sufficiently large te 
(t> 1/(v, -Ev,) (ex — 1), expression (17.9) passes into 


W = Yos en, (17.10) 


We see that in this case the rate of 
the reaction increases exponentially with time (Semyonov's law) 
tending to become large beyond all bounds. An immeasurably 
high reaction rate obviously corresponds to an explosion. Accord- 
ing to Semyonov, the seli-acceleration of the reaction as expressed 
by (17.10) is characteristic of branched chain reactions, i.e., 
of reactions with >l. . hes 

It will be readily seen that the foregoing elementary kinetic 
theory of chemical chain reactions is applicable also to nuclear 
fission reactions. Indeed, inasmuch as the bombardment of heavy 
nuclei (and in the case of such nuclei as, for instance, Uis Or 
Pu”, the capture of thermal neutrons) causes fission accompa- 
nied by the emission of fission neutrons (plus delayed neutrons), 
the number of which is 2 or 3 (e> 1) per fission event, a branched 


5* 


where p = (v, -l- v;) (ea — 1). 
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chain reaction is obviously possible in this case in which 
the neutrons play the role of active centres. The possibility of 
this reaction was first pointed out by Zeldovich and Khariton 
in 1939. 

Having in view a nuclear chain reaction, let us clarify the 
meaning of the kinetic quantities Wo, v,, and v, that enter into 
equations (17.9) and (17.10). The quantity Wo is the rate of 
production of neutrons in a mass of fissionable material. In the 
absence of neutron irradiation from without, this quantity is 
determined mainly by the rate of spontaneous fission of the 
given substance. For example, in the case of natural uranium, 
the isotopic composition of which is U?s*— 99.274°/,, U**s — 
0.720^],, and U***—0.006"/,, and the rate of spontaneous fission 
6.9 (U™), 0.3 (U**), and 9 (U?) fissions per kg/sec, we find- 
that in one kilogram of this element there occur, on the average 
6.85 fission events per second.* Since each fission event of 
uranium-238, which makes up the bulk of natural uranium, yields 
an average of 2.2 (+-0.3) fission neutrons, we obtain Wo=15 
neutrons kg^' sec 7?.** 

In the case of a nuclear chain reaction, v, represents the 
Specific rate of the fission reaction expressed by the product 
vf) — of vN™ 
where off is the fission cross-section, v is the neutron velocity, 
and N'? js the concentration of fissionable isotope of a given 
Sort (x), i.e., the number of its nuclei in 1 cm? of the sub- 
stance. As has already been pointed out (p. 107), only comparatively 
fast neutrons (K>0.9 MeV) can fission uranium-238. This is 
due to a fission threshold. In this case, the fission cross-section 
increases from a value close to zero at K —0.9 MeV; near K — 2 MeV 
it reaches 0.6 X 10-** cm?, and varies but slightly with increas- 
ing neutron energy. In contrast to uranium-238, the fission 
cross-section of uranium-235 is 500 X 10-?* em? already for ther- 
mal neutrons. It decreases (as 1/v) with increasing neutron energy 
and approaches a constant value of 1.5 10-** em*, From these 
data it follows that with respect to neutron fission, uranium-235 
is appreciably more active than uranium-238.** For this reason, 
in practice we use uranium enriched with the 235 isotope. It may 
be noted that Plutonium-239, which is obtained in nuclear reac- 


* Under ordinary conditions, fission processes due to cosmic radiation 
contribute a small portion (about 10°/,) to neutron production. 
Due to the small percentage of the uranium-234 isotope in natural ura- 


nium, it does not play any appreciable part in a uranium-fission chain 
reaction, x 
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tors (see below), has the same properties as uranium-235 (with 
respect to fission). 

Since about 75°/, of the fission neutrons have energies above 
the fission threshold of U*'* (0.92 MeV), a uranium chain reaction 
proceeds with the participation of both isotopes (235 and 238). 
However, due to energy loss in inelastic collisions with nuclei, 
the fast neutrons become incapable of fissioning uranium-238, 
which thus drops out of the game. Moreover, at low neutron 
energies (about 7 eV) uranium-238 avidly absorbs neutrons without 
fission: the cross-section for neutron capture by a U*'* nucleus 
has a resonance maximum at this energy (resonance capture) that 
corresponds to eap = 5000 5 10-** cm*. The capture, by uranium-238, 
of neutrons, the energy of which is less than the fission thresh- 
old, thus leads to chain termination. 

This, however, is not the sole cause of chain termination. 
The neutrons can also be absorbed by impurity nuclei in the 
uranium. In addition, the chain may terminate due to a neutron 
escaping from the fissile material. All these causes of chain ter- 
mination determine the specific rate of neutron loss v,. 

A nuclear chain reaction may be accelerated either by raising 
v, or by reducing v,. Besides increasing the percentage of the 
935 isotope in the case of uranium, the rate of the fission reac- 
tion can also be increased by changing v, through the addition 
of moderators, The usual moderators are either deuterium in the 
form of heavy water D,O, which does not absorb neutrons and 
which, due to the fact that its mass is close to the neutron mass, 
has a strong moderating action, or carbon (in the form of graph- 
ite) whose nuclei, like those of Oxygen, are poor absorbers of 
neutrons. As a result of rapid moderation * the neutrons jump 
across the dangerous region of resonance capture by uranium-238 
nuclei (7eV) and become thermal, in which state they are partic- 
ularly capable of fissioning uranium-235 nuclei. 

Speeding the chain reaction by acting on v, is accomplished 
by careful purification of the fissile mass and the moderator 
ol neutron-absorbing impurities and also by increasing the mass 
(volume) of the materials so as to reduce the probability of 
neutron loss from the mass. In addition, a good effect is attained 
through the use of reflectors, which likewise reduce the probabil- 
ity of neutron loss. Neutron loss by escape is relatively large 
in the case of a small volume of fissile material. For this reason, 
every substance has a definite critical size or critical mass char- 


* It may be shown that, for example, a neutron with an initial energy 
of 1 MeV becomes thermal after experiencing an average of 21 collisions 
with deuterium nuclei. Assuming the energy of a thermal neutron to be 
K=3/2 kT, at T=273°K, we obtain K= 1/30 eV. 
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acterised by the fact that for dimensions or mass less than these 
values, a nuclear chain reaction will be an exceedingly slow 
steady-state reaction, whereas for dimensions and mass above 
critical the reaction is self-accelerating (according to the Se- 
myonov law) and ends in an explosion. 

By changing v, it is possible to regulate the rate of a nuclear 
chain reaction. In nuclear reactions, this regulation is done by 
means of cadmium rods introduced into the mass of fissile mate- 
rial. Due to strong resonance absorption of neutrons by cadmium 
(in the energy region of 0.180 eV), which at resonance maximum 
has a capture cross-section of 7800X 10~**cm? (the cadmium 
isotope responsible for resonance capture is cadmium-113 : nd 
makes up 12.3°/, of natural cadmium; its cross-section is 63,400 < 
X 10- em?), the concentration of neutrons in the reactcr is 
sharply reduced in the presence of cadmium rods, and this, 
consequently, slows down the chain reaction. The reaction rate 
is controlled simply by inserting cadmium rods into the reactor 
or pulling them out. 

We note that the capture of slow neutrons by uranium-238 
brings about the following chain of transformations: 


^ CUR Y Un B5:223 minwpessp 7, DOO days Put, 


As already pointed out, the Pu? thus produced is capable ot 
fissioning upon the capture of slow neutrons, just like uranium- 
235, and for this reason is a valuable nuclear ehain “fuel”. The 
difference in chemical properties of uranium and plutonium makes 
it possible to separate these elements by ordinary chemical meth- 
ods and, consequently, to separate with relative ease the Pu?” 
from the used-up “fuel” of uranium reactors (piles). Plutonium-239 
is c-active and has a half-life of 2.44><10* years. Its half-life 
with respect to spontaneous fission is 5.5 >< 10'* years. 


18, Thermonuclear Reactions 


Fission chain reactions of heavy nuclei are not the only source 
of nuclear energy. Another source are thermonuclear reactions 
that occur in stars and are accomplished under terrestrial condi- 
tions —so far, unfortunately, only in hydrogen bombs. These 
reactions that involve protons and the nuclei of certain light 
elements (see below) become possible due to the very high temper- 
atures in stellar interiors which, according to astrophysical data, 
range up to several tens of millions of degrees. Although at such 
temperatures the mean kinetic energy of the nuclei is only a few 
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keV, i.e., far from that required to surmount the potential 
barrier, the height of which in the case of light nuclei is of the 
order of 1 MeV, the possibility of tunnel penetration considerably 
reduces their activation energy. For instance, above we saw (p. 54) 
that {he reaction Hi -+ Li; =2 Hes is observed already at proton 
energies of K — 10 keV, whereas by computing the height of the 
potential barrier from the approximate expression 


Z 
6j — 0L HT MeV, 
which is similar to equation (15.2), we find U,,,20.9 MeV. 
Besides, at any temperature a noticeable portion of the nuclei 
has energies substantially higher than the mean energy at that 
temperature e—3/2kT; assuming a Maxwellian distribution of 
nuclear velocities it is not difficult to compute from the formula 


e 

dN 2 tjhe E 

N^ yx (kT)- 5e Vede 
(dN is the number of particles of energy within the range be- 
tween e and e+de, N is the total number of particles) that 1°/, 
of the nuclei has an energy Six times that of the mean energy. 

Taking into account the large abundance of hydrogen in stars 

and also the large binding energy oi the helium nucleus (see Fig. 
11) it fs natural to assume that ihe chief source of stellar energy 
is the reaction of the formation of helium from hydrogen: 


4H — He, 


the energy of which amounts to 5.9 X 10°! cal/gm-atom of helium 
We will show that this energy is quite sufficient to maintain the 
high temperature of a star, OUT sun for example, for a very long 
period of time. Indeed, since hydrogen makes up about 30 |, of 
the solar mass, which totals 5.5 >< 10" gm, the amount of hy- 
drogen in the sun is 2 10* gm, or 2X 10** gm-atoms. From 
this we find the energy that would be released if all the hydro- 
gen in the sun were converted to helium: 


59x 10" x2 X10" =~ 3>< 10“ calories. 


We can also compute the quantity of energy radiated by the sun. 
Since each square centimetre of surface of the earth normal to 
the sun’s rays (the distance of earth from sun being 1.5 X 10° km) 


* Here we disregard the energy released in the annihilation of two posi- 
trons emitted in the synthesis of helium out of hydrogen. 
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receives 1.5 calories of radiant energy per minute, the total amount 
of energy radiated by the sun in one second comes out to 


4n (1.5 X 10")* ES = 7 X 10* cal sec- '. 


Dividing by this number the reserves of nuclear solar energy 
contained in hydrogen atoms, we find the time during which this 
energy may be radiated (we take the radiation intensity to re- 
main constant in time): 


3X 104 — 
7X105 © 


Since the age of the sun is put at approximately 5X 10° years, 
a comparison with the computed age shows that up to now the 
sun has used up roughly only one-twentieth of its store of energy. 

The specific nuclear reactions underlying the synthesis of 
helium from hydrogen were, in the main, suggested by Weizsäcker 
(1938) and Bethe (1939). Calculating the half-life of various nuclear 
reactions (that is, the time during which half of the nuclei react) 
by extrapolation of known cross-sections of these reactions to high 
temperatures, Bethe demonstrated that the synthesis of helium 
could proceed in two chains of reactions: the hydrogen-hydrogen 
cycle and the carbon-nitrogen cycle. The latest researches have 
confirmed and improved upon this conclusion. It has been found 
that the hydrogen-hydrogen cycle plays the main part in stars 
cooler than the sun, while the carbon-nitrogen cycle is domi- 
nant in the hotter stars. 

The hydrogen-hydrogen cycle is presently viewed as the fol- 
lowing set of nuclear reactions: 


2H — D -- p* (1.4 10'° years); 
H -+D — He’ (5.7 sec); 
He* -+ He* — He*-|- 2H (10° years). 


Doubling the number oí first and second reactions and summing, 
we obtain an equation of the total (overall) reaction 4H — He* 
-+26*. The time during which the reaction develops is given after 
each reaction. It will be seen that the slowest reaction is that of 
the formation of deuterium from hydrogen — of the order of 10° 
years. Comparing this with the above-computed period of energy 
radiation latent in hydrogen (~10" years), we see that this fig- 
ure is, however, sufficiently small for the hydrogen-hydrogen 
cycle to be accomplished. We note that the foregoing reaction 
times have been computed for a temperature of 13>< 10° degrees 
Kelvin, which is taken as the temperature at the centre of the 
sun, 


4X 10'* sec = 10" years. 
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The carbon-nitrogen cycle embraces the following reactions: 
H -+C — N” (1.3 X 10’ years); 
N° — C" -- B* (7 min); 
H 4-C^ — N'* (2.7 X 10° years); 
H + N“ — O" (3.2 X 10° years); 
O's — N" -- p* (82 sec); 
H-LN' — C+ Hef (1.1 XC 10° years). 
As in the hydrogen-hydrogen cycle, summing these reactions 
yields 4H — He*-+ 2B*. It will be noticed that in this cycle 
carbon-12 plays a part similar to that of catalysts in chemical 
reactions: it enters into the reaction at the start and again forms 
(is regenerated) at the end of the cycle. The reaction times are, 
as before, computed for a temperature of 13 10° TK. 


CHAPTER 3 
ELECTRONIC STRUCTURE OF ATOMS 


19. lonisation Potentials and Groups of Electrons in Atoms 


lonisation potentials of atoms. The entire assemblage of exper- 
imentally known physical and chemical properties of atoms 
shows that each atom consists of a positively charged part — the 
nucleus— and electrons, the number of which in a neutral atom 
is equal to the atomic number of the given element in Mende- 
leyev's Periodic Table. 

If one or several electrons are removed from an atom, the 
result is a positive ion, for example, N*, N**, N***, etc. The 
energy necessary for ionisation may be imparted to the atom by 
the impact of a fast particle (say, an electron) or it may be ab- 
sorbed by the atom in the form of a quantum of light (photon). 
In the former case (ionisation by collision), we will consider the 
process of ionisation as collision of elastic spheres, one of which 
Tepresents the atom and is stationary; it will then be seen that 
on the basis of the laws of conservation of energy and momen- 
um 


K,—el--K, V mK,—l/(m--M)K,, 


where K, is the minimum energy of the bombarding particle 
required to ionise the atom, m is its mass, M is the mass of 
the atom, K, is the energy of the centre of gravity of the col- 
liding system, and el is the energy for ejection of the electron 
Tom e atom (I is the ionisation potential of the atom), we 
will have 


K,— yel. (19.1) 


If the bombarding particle is an electron, then, since m/M < 
< 1/1840, its mass m may be disregarded as compared to the 
atomic mass; hence, the minimum energy of the ionising elec- 
tron is practically equal to the ionisation energy of the atom: 
K,—el. It is thus possible, by subjecting atoms to the bombard- 
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ment of fast electrons and by measuring the quantity of ions 
(the ionic current i) for various values of energy K of the bom- 
barding electrons and by extrapolation of the i (K) curve to zero, 
to find K, and, consequently, I. This is usually the method ap- 
plied to measure ionisation potentials. The energy is imparted 
io the bombarding electrons by an electric field, and for this 
reason K is expressed in electron-volts. It should, however, be 
pointed out that the error of measurement of ionisation poten- 
tials by this method is rarely less than 1%. Therefore, the spec- 
troscopic method (see below) is resorted to when greater accu- 
racy is required. It ensures much higher accuracy than the elec- 
iron-impact method. 

In the case of photoionisation of an atom, the energy of the 
ionising photon hv and the ionisation potential are connected 
by the following relation: 

hv —el + K 


where K is the energy of the electron ejected from the atom. 
It will be seen from this expression that there should be a cer- 
tain minimum frequency Vo defined by the equality hv,— 
=e] (K =0) and corresponding to the threshold that separates 
the region of photoionisation (v >v.) from that where photoi- 
onisation is energetically impossible (v< vj). The frequency v, 
may be called the threshold jrequency of photoionisation (or the 
photoelectric effect). The most precise values of v, are obtained 
from investigations of atomic spectra. 

The ionisation potentials I (in volts) for various elements 
are given in Fig. 27 (the horizontal axis is the atomic number 
Z of the element). From Fig. 27 it follows that the inert gases 
have maximum values of ionisation potentials while the alka- 
line elements have minimum values. As will be shown below, 
this fact and also the periodicity in values of I revealed by Fig. 
27, which repeats the periodicity of the chemical properties (see 
below), reflect peculiarities in the structure of the electronic 
shells of atoms: 

Electron affinity. The atoms of certain elements are capable 
of adding extra electrons thus forming negative ions, such, for 
example, are the ions H-, O-, F-. The energy released in the 
formation of a negative ion out of a neutral atom and an elec- 
tron, i. e., the energy of the process A+e=A- (A is the atom, e, 
the electron) is called electron affinity. The values of electron 
affinity E for certain atoms are (in eV): 0.71 (H), 8.62 (F), 
3.78 (Cl), 3.56 (Br), 3.18 (D, 1.48 (O), 2.07 (S). 

It will be noted that affinity for two (or more) electrons, 
i.e., the energy of formation of a doubly charged (or multiply 
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charged) negative ion out of an atom and two (or more) elec- 
trons is always negative. In the formation of the O-- ion out 
of O-l-2e, for instance, about 7 eV is expended, while the S~- 
ion (out of S-|-2e) requires about 3.5 eV. Consequently, an elec- 
tric system consisting of a nucleus and Z-k electrons, i.e., a 
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Fig. 27. lonisation potentials of a number of elements 


negative ion A^*, is always unstable at k>1 and must disin- 
tegrate, with the release of energy, into an ion A` and k—1 
electrons or into a neutral atom A and k electrons. Experiment 
shows that the halogen atoms have the greatest electron affinity. 
As we shall see further on, this fact, which indicates that the 


teristics of electronegativity, which plays an important part in 
the structure of molecules (see below, p. 298). 

Electron groups. As one electron after another is removed from 
an atom, the charge of the remaining part of the atom, (the 
atomic core) increases, and, consequently, there is an increase in 
the attraction of electrons by the atomic core. For this reason, 
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the consecutive removal of electrons from an atom requires more 
and more energy. Designating the minimum energy required to 
remove one (the first) electron from the atom, by el,, the sec- 
ond, by el,, the third, by el,, ete., we will have I, « I, < h- 
The number of different values of I; (ionisation potentials) of 
each element is obviously equal to the corresponding atomic 
number Z. Note that the quantities I, may be obtained from the 
minimum values of energy of the 4 
bombarding electrons, which ener- 
gy is needed to convert the ions 
A'6$-" into the ions At! (cf. 
above). The appearance of ions of 
a given sign may, in this case, be T 
established | mass-spectroscopical- 
ly. However, precise values of 
ionisation potentials are obtained, 
ry has already been pointed out, 
rom atomic Spectra. 2 
A consideration of the quanti- 
ties I, for one and the same ele- 
ment shows that increase in l 
with the number of electrons re- 
moved i is not smooth, but exhib- 
its sharp discontinuities at def- 
inite values of i. This rela- 
tionship between I, and i indi- 
cates that the electrons in an atom 1 
are distributed in discrete ener- Uoc qo 0p US. NUN 
gy groups, or layers, characterised Fig. 28. The ionisation potentials 
by different binding strength of (log I;) of all eleven electrons of 
the electrons. By way of illus- the sodium atom 
tration, let us examine the re- . 
lationship between the ionisation potentials I; of a sodium atom, 
found on the basis of spectral data, and the various ions of this 
element, Natz”. I, is obviously the ionisation potential of the 
neutral atom Na, I, is the ionisation potential of the ion Na*, 
I,, that of the ion Natt, etc. In Fig. 28, log I, is represented 
as a function of i. The curve shows that the ionisation poten- 
tial of sodium and its ions has two discontinuities: the first in 
the transition from the atom Na(i=1) to the ion Na* (i=2) 
and the second in the transition from the ion Na** (i=9) to 
the ion Na^* (i—10). From this it follows that the first electron 
in the sodium atom is considerably more weakly bound than the 
remaining 10 electrons, of which 8, in turn, are bound appre- 
ciably more weakly than the last two. Consequently, the 11 
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of electrons into groups stands out prominently 


if the quantity i/I, is represent- 
ed as a function of i, as in Fig. 
29. 

This graph may be interpret- 
ed as follows. Assuming (ap- 
proximately) total screening of 
the nuclear charge Ze by the 
surrounding electrons, that is, 
assuming that the electron being 
removed is acted upon by a 
point charge, the magnitude of 
Which is determined by the nu- 
clear charge minus the total 
charge of all remaining Z—i 
electrons — the charge Ze— 
— (Z— i)e— ie — the ionisation 
potentials I, may be represented 
by the formula* 


(19.2) 


where r is a certain mean dis- 
tance of the removed electron 
from the nucleus. From this for- 
mula it follows that the quanti- 
s the mean distance r. Therefore, 
be concluded that the first elec- 
ayer farthest from the nucleus; 
are 8 electrons, and, finally, in 
there are two most firmly bound 
ter layer may be called the outer 


inner electrons. 


[r is balance 
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Comparing the first and second ionisation potentials of the 
remaining alkaline elements (Table 4), we are convinced of a 
discontinuity (a change in ionisation potential by a factor of 14 
to 6) when going from I, to I, (a thing that is not observed in 
the case of the greater part of the remaining elements where the 
quantity I,:1, does not exceed 2-3). From this we may con- 
clude that a common feature of all alkaline elements is the pres- 
ence of one outer electron. This single electron gives the atoms 

Table 4 


First (Lj) and second (I) ionisation potentials of alkaline elements (in 
volts) 


— 
Elements 
lonisation is No e zm o 
potentials 
n 5.36] 5.11| 432 4.16 | 3.87 
I, ; 75.26 | 47.07 | 31.7 97.3 | 23.4 


of the alkaline elements a certain similarity to the hydrogen 
atom with its one electron (Z=1). This is manifested in a 
similarity of physical and chemical properties of these atoms and 
the hydrogen atom (see Sec. 20). 

Table 5 contains all the known ionisation potentials of the ele- 
ments of the second period (from Li to Ne). Here, the stepped line in- 
dicates discontinuities that separate relatively weakly bound elec- 
trons from the most firmly bound inner electrons. From Table 5 it 
follows that all the elements represented in it have the saine 
number (two) of such electrons with varying numbers of remain- 
And so we see that these two electrons form a 
strong closed group maintained throughout the second period. 
ture of the atomic clouds of the 
heavier elements show that this group persists also in the ele- 
ments of the subsequent periods. It is first formed in helium 
(Z=2), both electrons of which belong to this group; this is 
evident from a comparison of the ionisation potentials of helium: 
1,=24.47 V and 1, = 54.14 V (no discontinuity). It is with the 
closed character of this group that the chemical inertness of he- 
lium is connected. 

A similar closed group is formed by eight electrons of neon 
(which are outer with respect to the two most firmly bound in- 
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Table 5 


Ionisation potentials of elements of the second period 


Elements 
Li Be B c N o F Ne 
lIonisation 
potentials | 


n 5.36| 9.28|.8.25| 11.20) 14.46| 13.55| 18.6 21.47 
I, 75.26] 18.12| 25.00) 24.26) 29.44| 34,94) 34.81 40.91 


1; 191.84|I53.11] 37.74] 47.64] 47.20] 54.63} 62.35 | 63.3 
n — |216.63/258.03| 64.17| 72.04| 77.03| 86.72 | (97) 
If — | — |898.53/890.02| 97.40113.30 — — - 
ly — | — | — 487.55549.08|137.42| 156.37 — 
L | — | — | — | — |6es.73/735-35|_ 184.26} — 
I, —|—] — |— | = jBr.09 = = 
I, | — |1097.60| — 


ner electrons). This follows both from the chemical inertness o 
neon and from the fact that the element following neon, sodium, 
has not 9 but one outer electron (see above), magnesium, not 10 
but 2, etc. The eight-electron closed group that takes shape in 
neon is maintained in all subsequent elements (like the earlier 
considered two-electron group). 


20. Periodic System of Elements 


The layer-like, group structure of atomic clouds is most clear- 
ly expressed in the recurrence of the chemical properties of 
the elements. This recurrence is expressed by Mendeleyev’s period- 
ic law. The periodic system of the elements is the most cogent 
and irrefutable proof of the existence of discrete groups in the 
electron clouds of atoms of all the elements. The recurring sim- 
ilarity of chemical properties of analogous elements is a direct 
indication of the identical structure of the outer electron layer of 
these elements and the closed character of the inner electron 
groups. 

Diverse facts involving chemical and also certain physical 
properties of the elements indicate that a basic, if not exception- 
al, role in the chemistry of atoms is played by the outer elec- 
trons. The capacity for substitution (in various chemical com- 
pounds) of one atom for another that differs greatly from the former 
in atomic weight, atomic number, and, hence, in the total num- 
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ber of electrons, etc., together with a similarity in the chemical 
and physical properties of the resulting compounds (for instance, 
LiCl and KCl, NaCl and Nal, etc.) undoubtedly indicate that not 
all the electrons of these atoms, but only a certain very small 
part of them, participate in the formation of chemical compounds. 
We have already seen that all analog elements in the group of 
alkaline elements have one outer, or, as it may be called, va- 
lence electron. Elements oi the second group (alkaline-earth ele- 
ments) have two outer (valence) electrons, eic. Halogen atoms 
(seventh group) have seven outer electrons. The conclusion that 
ihe chemical properties of an atom are due to its outer electrons 
is likewise corroborated by studies of X-ray spectra of one and 
the same element in its different compounds. In this way it is 
shown that these spectra exhibit relatively slight change in the 
transition from the pure element to its compound. And since 
X-rays are associated precisely with the inner and most firmly 
bound electrons in the atom (see below), this constancy of X-ray 
spectra must be regarded as direct proof that the chemical prop- 
erties of an atom are only very slightly dependent on the in- 
ner electrons. In contrast to X-ray spectra, optical spectra, which 
are associated with the outer, mobile electrons, undergo such 
changes that, as a rule, the spectrum of the compound has noth- 
ing in common with the spectra of the component elements. 

Let us make a brief examination of Mendeleyev’s Periodic 
Table (Table 6) from the viewpoint of the electronic structure 
of the atoms. The hydrogen atom, which occupies first place in 
this table, has only one electron (Z= 1). This is likewise sug- 
gested by hydrogen having only one ionisation potential (li = 
—]13.60eV). The next element after hydrogen is helium with two 
electrons forming a closed two-electron group (see p. 127). It has 
already been pointed out that the inertness of helium is con- 
nected with the particular stability of this group. 

The next element, lithium, is univalent.* By attributing 
this to the presence in the lithium atom of one outer electron, 
we obtain confirmation of the conclusion drawn from a consider- 
ation of the ionisation potentials of lithium that its three elec- 
: the inner, two-electron, group 
tron. The isolated state of the 


outer electron of lithium confirms the conclusion about the 
lectron shell of the helium atom. 


* Here we have in mind 


respect to fluorine, which is 1 
half the number of oxygen atoms) bound by the given a i 
state (see Sec. 34); for example, the existence of LiF (but not LiF,, etc.) 


indicates that lithium is univalent. 
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The elements that follow lithium-beryllium, boron, carbon, 
nitrogen, oxygen and fluorine—are chemically active, but the 
tenth element, neon, is inert. If we associate chemical inertness 
with the closed character of the outer electronic shell of the 
atom, we must.conclude that none of the elements from lithium 
to fluorine has a closed outer shell; this shell closes only when 
an eighth electron is added (as in neon). 

Earlier, proceeding from a consideration of the ionisation 
potentials of sodium, we came to the conclusion that ten out of 
its eleven electrons form two closed groups (the two- and eight- 
electron groups), while the eleventh electron is outside thse 
groups. This fact, and also the presence of similar closed groups 
in the elements that follow sodium, confirm the conclusion about 
the closed nature of the outer eight-electron group of neon. 
Another indication of the closed eight-electron shell is the great 
electron affinity of the fluorine atom and, consequently, the high 
stability of the F~ ion, which finds expression, for one thing, in 
the fact that the F atom is more active chemically than the F~ ion. 

From the chemical activity of all elements following sodium 
and ending with fluorine it follows that their outer electrons, 
like the eleventh electron of sodium, enter into a third, unclosed 
electron group. The same number of electrons in the outer 
unclosed electron group of elements of the second and third pe- 
riods is the reason why sodium is the chemical analog of lithium, 
magnesium is the chemical analog of beryllium, aluminium the 
analog of boron, silicon of carbon, phosphorus of nitrogen, sul- 
phur of oxygen, and chlorine of fluorine. This analogy is not 
confined solely to a similarity of chemical properties. As arule, 
elements belonging to the same group have similar structures of 
optical spectra, similar magnetic properties, etc. 

In the element following chlorine, argon, the third electron 
group has 8 electrons and again we have an inert element. How- 
ever, a consideration of the chemical and other properties of 
the heavier elements that follow argon shows that only the first 
two groups retain the two and eight electrons, respectively, through- 
out the Periodic Table. The third electron group undergoes 
Subsequent essential changes: beginning with scandium and end- 
ing with copper, this group builds up to 18 electrons and, up 
io the transuranium elements, remains an 18-electron group. The 
consequent irregularity in the filling of the electron groups finds 
expression in a number of chemical and physical anomalies ob- 
served in the elements from scandium to copper. The 29 elec- 
trons of the copper atom are distributed as follows: 28 form three 
closed groups (two-, eight-, and eighteen-electron groups), the 
29th, outer, electron belongs to a new, fourth group- 
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This fourth group fills up normally in the elements from cop- 
per to krypton; in krypton it contains 8 electrons, acquiring a 
certain degree of completion (like the eight-electron outer group 
of argon) and thus giving rise to the inertness of krypton. How- 
ever, this group remains eight-electron only in two elements 
following krypton: rubidium and strontium. It then builds up 
first to 18 electrons in the elements from yttrium to palladium, 
and then up to 32 in the rare-earth elements. With this are associated 
the anomalies in the chemical and physical properties that are 
characteristic of elements from yttrium to palladium and of the 
rare earths. The number of electrons in the fourth group remains 
constant throughout the remaining part of the Periodic Table. 
From this it follows that the completed fourth group contains 32 
electrons. All heavy elements from the 70th (ytterbium) contain 
four completed groups (2-, 8-, 18-, and 32-electron) and a certain 
number of uncompleted groups. Assigning to the four completed 
groups the numbers 1, 2, 3, and 4, it is easy to see that the 
maximum number of electrons in each group (2, 8, 18, and 32) is 
expressed by the formula 2n*, where n is the number of the group. 


21. Atomic Energy Levels 


Spectrum of the H atom and of ions with one electron. The pres- 
ence of discrete groups of electrons in the electronic structure of 
atoms points to discreteness in the energy states of the atom. This 
discreteness is expressed most vividly in atomic spectra: optical 
and X-ray. It has already been pointed out that, unlike X-ray 
spectra, optieal Spectra are associated with the outer electrons of 
the atom. This is evident, in particular, from the fact that the 
energy changes that correspond to optical spectra usually have 
magnitudes of several electron-volts, i.e., are comparable to the 
first ionisation potentials that correspond to the binding strength 
of precisely the outer electrons of the atom. 

A characteristic peculiarity of atomic spectra is their linear 
structure, which permits describing the spectrum of each element 
by specific values of wavelengths À or frequencies v. Separate 
groups, or series, of lines in atomic spectra obey definite, series 
laws. These laws (or regularities) are particularly prominent in 
the spectrum of the simplest atom, hydrogen. 

As early as 1885, Balmer demonstrated that the wavelengths 
of nine lines of hydrogen (these lines were measured by Hagenbach), 
four of which lie in the visible region of the spectrum (AA 7500- 
4000 A), are expressed by the following simple formula: 

m? 
N=), mg 
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=i — 


where a, =3645.6 A, n—2 and m=3,4,5,..., 11. 

A spectrogram of this series of the hydrogen spectrum, called 
the Balmer series, is shown in Fig. 30 (at present up to 40 lines 
of this series are known). From the spectrogram it is seen that the 
distance between each pair of adjacent lines diminishes regularly, 
and in the region of short wavelengths the lines converge to a 
certain limit (the series limit). By extrapolation to m — oo, from 


Fig. 30. Emission spectrum of hydrogen atom. in visible 
and near ultraviolet regions (Balmer series) 


the preceding formula, called the Balmer formula, we obtain the 
wavelength À—A, that corresponds to the limit of the Balmer 
series. Passing now from wavelengths to frequencies or io wave 
numbers,* the Balmer formula may be rewritten in the form 


"se R(5— 3): (1.1) 


The quantity R, equal to 3.988 X 10'* sec^* or 109,677.58 cm-", 
is called the hei constant, after the scientist who found that 
this constant could be used to represent numerous spectra. As al- 
ready pointed out, in the Balmer formula n=2. However, Bal- 
mer himself already regarded his formula as something more gen- 
eral. For instance, he suggested the existence of a series char- 
acterised by the value n=3. This series was actually discovered 
later by Paschen (1908). The Paschen series is expressed by the 


formula 
eek m 
v—R(&—3): i224, 5, ... 


* The wavelength À is connected with the frequency v by the relation 
À—c|v, where c is the velocity of light. In spectroscopy, the wave number 
1/A is also frequently called the frequency. This provisional frequency is ex- 
pressed in em"! in distinction io v, which is expressed in sec 2 
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Lyman discovered a series that obeys the formula 


v=R (k). mM 


m* 


Thus, the Balmer formula (21.1) was firmly established ex- 
perimentally and was taken as the basis for the theory of 
spectra. å 

From the Balmer formula it is easy to obtain a general ex- 
pression for the energy of the hydrogen atom. Indeed, according 
to the quantum theory (Planck, 1902) light is emitted or absorbed 
by an atom only in definite portions, or quanta, of magnitude hv, 
which permits connecting the frequency v of each spectral line 
with energy change of the atom AE by the relation (ci. formula 
(16.2)) 


hv—AE. (21.2) 


From this it is seen that to discrete spectral lines there correspond 
discrete energy states, or energy levels of the atom. Designating 
the latter for the hydrogen atom by the subscripts n and m, we 
obtain AE —E,, — En. Comparing this expression with (21.1), 
we find * 


Ej——-. (21.3) 


Series similar to the hydrogen series were detected also in the 
spectra of ionised helium, lithium, beryllium, and other elements. 
The series that belong to the ions He*, Li**, Be***, etc., that 
is, to ions which, like the H atom, have only one electron (/y- 
drogen-like ions), are expressed by the formula 


1 
m* 


v=ZR(4—4), m—ndd nn... (ld) 


It will be seen that (21.1) is a particular case of (21.4), which 
passes into (21.1) when Z=—1. Consequently, the following ex- 


* Formula (21.3) is obtained under a definite normalisation of the 
energy of an atom, in accordance with which Ep =0 when n= œ. As we 
shall see below, such normalisation corresponds to a zero energy of the 
ionised atom, i. e., of the system H+-+e in the case of infinite recession 
of the electron from the nucleus (r— o). Naturally, in this case, Ej <0 
yr to finite values oi r, which is expressed by the minus sign 
in (21.3). 
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pression * should be considered as a more general expression for 
the energy of an atom or ion with one electron: 


E,=—" z. (21.5) 


Due to the fact that, according to (21.2), the frequencies of 
the spectral lines are expressed as the difference in the energy 
divided by the Planck constant h, it is expedient, in place of the 
energy En, to introduce the quantity 


Eal 
Tae, 


called a ferm. From (21.5) we obtain, for the terms of a hydro- 
gen-like atom or ion, the expression 


T, —À 2. (21.5’) 


It may be noted that the (21.5') is frequently called the Balmer 
formula. 3 

From the series formula (21.4) it follows that part ol the lines 
in the spectrum of ions (Z>!) should coincide, in frequency, 
with the hydrogen lines. Thus, for example, representing the 
frequencies of the lines of He* in the series n—4 (called the 
Pickering series) on the basis of formula (21.4), 


ve RE — am) pins ri 


we obtain a formula which differs from the above for the Balmer 
series in the hydrogen spectrum in that the number in the de- 
in the case of hydrogen, assumes 


only int 1 val 3.47 Dinas whereas in the case of helium 
y integra M | i.e., double the number of 


9; 9, TJ2, Aarne mber, 
y values. Whence it Falows that the spectrum of a helium ion 
should contain twice the number of lines of the hydrogen spectrum, 


and this was found to be so in experiment. —— "i 
Another feature in which the spectra of the ions -He*, MFH 
ete., difer from the hydrogen spectrum is that the lines of these 


spectra, which should 


* This expression is obtained from the more general expression 


(C is a constant) with appropriate normalisation of energy. 
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seen, for example, from Table 7, which gives the wavelengths 
or lines of the Balmer series of hydrogen (n==2) and those of 
the Pickering series (n—4) of helium: the wavelengths of the 
hydrogen lines exceed by approximately 2A the wavelengths of 
the corresponding He* lines. 

This shift is due to the fact that in the formulas (21.4) and 
(21.5) the' values of the Rydberg constant for different atoms or 
ions are somewhat different. Thus, spectroscopic measurements 
put the Rydberg constants for the H atom and the He* ion 
at R = 109,677.58 cm~* and Rije+ = 109,722.26 cm~*. Comput- 
ing, in (21.4), the relative shift of lines in the appropriate series 
in the spectra of hydrogen and helium, we get 


Av AM Rage — Rn 0.00041 


VH An Ry 


Substituting into this formula A=5000A, in accordance with 
the data in Table 7, we find AX —24. 
Table 7 


Lines of the Balmer series (H) and the Pickering series (He*) in the 
visible region of the spectrum 


Element | Wavelength in A 
H 6562.80 a 4861.33 = 4340.47 = 4101.74 
He* 6560.13 | 5411.55 | 4859.34 | 4541.61 | 4338.69 | 4199.85 | 4100.00 


The isotopes of the same element likewise have different values 
of R. For example, for the isotopes of H, D, and T we have 
Ru-109,677.58 cm’, Rp—109,710.48 cm-^', and Rr= 
= 109,715.97 cm-'. As in the preceding case (H and He"), 
this difference leads to a certain shift of lines in the spectra of 
various isotopes (isotope shift). To take an example, for the lines of the 
“Balmer series in the spectra of H and D it is of the order of 1A. 
It may be noted that it was this effect that led to the discovery 
of deuterium (Urey, 1932). As we shall see later on (Sec. 22), 
this difference in Rydberg constants is due to mass differences 
of the nuclei. It will also be noted that the isotopic shift of 
spectral lines is particularly great in the case of the light 
elements, though in the heavy elements it is quite prominent: 
isotopic shift was detected even in such an element as uranium. 
The following values were obtained for the wavelengths of the line 4 
4,244 A of the five uranium isotopes: 4,244.373 (U***), 4,244.226(U**), 
4,244,122(U***), 4,244.075(U***), and 4,243.977A(U***). 
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From the foregoing it follows that, on the average, there is 
A). —0.039 A to each unit of mass. 

From (21.5) it follows that the energy of an atom (ion) with 
one electron takes on the following discrete series of values: 
—hRZ:, —1/4hRZ’, —JJ9hRZ ..., 0. The least of these 
values, — hRZ?, obviously corresponds to the ordinary (ground, 
or normal) state of the atom, while the greatest (0), to the 
ionised state. The diference of these values should be equal 
to the ejection energy oi the electron, that is, to the energy of 
ionisation el of the atom. We thus have 


pem (21.6) 


Substituting into (21.6) the values of the constants h, R, 
and e, we find the following values of ionisation potentials (in 
volts); 13.606 (H), 54.403 (He*), 122.420 (Li**), 217.657 (Be***), 


to another should be attended by the emission or absorption of 


The experiments of Franck and Hertz. The presence of excited 
levels in the atom was proved directly in experiments by Franck 
and Hertz (1912). When the atoms of a given gas are bombarded 
by electrons of definite velocity, measurements are made of the 
energy losses of the electrons colliding with the gas atoms and, 
simultaneously, observations are ma : 
produced by ihe electron bombardment. The first experiments. 
with mercury vapour demonstrated tha 
an electric field with a potential difference <4.9 V and, conse- 
quently, having an energy K less than 4.9eV are reflected from 
the mercury atoms elastically, 


of energy. In this case, . 
when the electron energy is increased to 4.9 eV (and higher), 


slow electrons appear; this shows that electrons with energy 
4.9eV transfer this energy to the mercury atoms in toto. Simulta- 
neously, the mercury vapour begins to luminesce. In the spectrum 
of this luminescence We observe only a single line with i= 
—9537 A. Multiplying the frequency oi this line by the Planck 
constant h, we obtain an energy of 4.87eV, which practically 
coincides with the critical electron energy of 4.9eV. This 
result should obviously be interpreted as meaning that an elec- 
tron of energy 4.9eV colliding with a mercury atom excites 
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Fig. 31. Energy levels of hydrogen atom 
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the latter, that is, causes a transition of the atom from the 
ground level to an appropriate excited level. Emission of the 
line 2537 A is due to the reverse transition of an excited atom 
to the ground state. This and similar experiments conducted 
with various gases point to discrete energy states (levels) of 
atoms that coincide with the levels found from their spectra. 

Spectra of alkali metals. Series regularities, like those of the 
hydrogen spectrum, were established also in the spectra of other 
elements, Thus, an analysis of the optical spectra of the alkali 
metals revealed the following series: 


principal series: v= 475) ci» m-2,98, 5” 


28,4, wees 


E B un R R 
diliuse series: Y= Fp MFI?’ m 
=2, 3, «+s 


eee Me R dex R 
sharp series: V— (g-pgj mFS’ m 
R od ND sarees 


fundamental series: v=pF dj CERE m 


are proper 
constant va 
oi the given el 
is used to characterise a given energy 
guish s-, p»; d-, f-, etc., terms. On the basis of designations of 


terms used in spectroscopy, accor 
terms expressed by the formula wer’ 


symbol ms or mS, p-teims expressed by the formula mr by 
the symbol mp or mP, etc., the foregoing series formulas may 
be represented in the form v—1S— mP, y=2P—mD, v=2P— 
— mS and y =3D — mF. . 

Designating the parameters S, p» d, f, by the letter a, any 
term of an alkaline element may be represented by the general 


formula 


R 
T= mra (Aa 


which is called the Rydberg formula. In view of the correspond- 
ence between (21.7) and the Balmer formula (21.5'); which 
in the case of the H atom takes the form i 


R 
T= a 
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it is advisable to express the sum m-a as 
neir— m -[- a — n -]- ô. (21.8) 


A formula of the form (21.8) with à independent of the number 
n was proposed by Rydberg. Later, Ritz derived a more precise 
formula in which 6 is expressed by the series 


=ð tk +... (21.9) 


From experiment it follows that the quantity 6,, called the 
Rydberg correction, is negative and exceeds, in absolute magni- 
tude, à, (the Ritz correction); here we have 6, >0. The quantity 
A==|6| is called the quantum defect. As may be seen from (21.7), 
the sequence of values of the number n:n, n+1, n+ 2, ... 
is determined by the sequence of the ordinal number m:m, 
m+1, m-F-2, ... Obviously, when a and 6 are small, the 
numbers m and n coincide. 

The values of neg (known as the effective quantum number) Tor 
the lower s-, p-, d-, and f-terms of the alkaline metals are 
given in Table 8. In the first row of this table are also given 
the values of the number n for the H atom. We see that in a 
number of cases (the d-term of lithium and the f-term of lithium 
and sodium) m is an integer that coincides with the corresponding 
number n for the hydrogen atom. 


Table8 


Effective quantum numbers of the lower s-, p-, d-, and f-terms of atoms of 
the alkali metals 


Terms | 
Elements | $ 5 3 ! 


1 1.000 2.000 3.000 4.000 
i 1.588 1.959 2.998 4.000 

11 Na 1.627 2.117 2.990 3.999 
19 K 1.770 2.234 2.854 3.993 
Rb 1.805 2.289 2.767 3.988 
1.869 2.351 2.552 3.978 


From the foregoing it follows that the degree of deviation 
of the energy levels of the atoms of the alkaline elements from 
the corresponding levels of the hydrogen atom, which degree is 
determined by the magnitude of the correction ô, is less the 
higher the given level, that is, the greater the number n. Designating 
the hydrogen atom term characterised by the number n as Ty — R/n', 
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we obtain, on the basis of (21.7) and (21.8), 


Ty ò 
y #=1-43 


in other words, as n increases, T tends to Ty. This result may 
be interpreted as follows. As the energy of the atom increases, 
the mean distance of an electron from the nucleus increases 
and the field acting on the electron approaches ever closer to 
the Coulomb field of the one-electron atom H. For this reason, 
the system H+ +e is but slightly different, in energy, from the 
system Me* +e (here, Me denotes an atom of an alkaline ele- 
ment). 

It may be further noted that for the energy levels of ions 
with one outer electron, i.e., of ions Beep jae Ob 
Mg*, AISIR Si***, ... we obtain the following expression: 


2 
po (21.10) 


which is similar to the expression (21.5). Here, Za denotes the 
charge of the atomic core of the ion. Everything that has beer 
said above concerning the correspondence of the terms of atoms 


to the correspondence of the terms of these ions to the terms 
of ions with one electron (He*, Li**, etc.). The appropriate 
expression for the term is of the form 


RZ 
more (21 10) 


e—. 
Bert 


On the basis of the foregoing interpretation of the difference 
in the terms of a multi-electron atom or ion and the terms of 
the H atom or of a hydrogen-like ion it may be concluded that 
the energy of an atom (or ion) with one outer electron is de- 
termined by the character of the electric field (acting on this 
electron) of the remaining portion of the atom (the atomic core). 
To characterise this field we introduce a certain effective charge 
eZ*—e (Z—z), where Z is the charge of the nucleus and z is a 
constant which may approximately be interpreted as a quantity 
defining the degree oi screening ol the nucleus by the remaining 
electrons (for this reason, the constant z is called the screening 
constant). Then for the term of a multi-electron atom or ion we 


may write, in place of expression (21.7), an equivalent expres- 
sion: 


poke oR oS, (21.11) 
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According to this formula, the quantity V T/R for various 
atoms and ions with one outer electron must be a linear function 
of the nuclear charge Z: 

VTR—(z—2:). (21.19) 
It will be readily seen that this same linear function of Z is 
Satisfied also by the square root of the frequency of similar 
lines (for instance, oi lines that are the first members 
in the series, etc.). Indeed, considering the screening constant 
z for two combining levels to be approximately the same, we 
obtain, on the basis of (21.11), 


Mon =. V mom 7 2), (21.13) 


We note that this relationship expresses the so-called Moseley law, 
first established for X-ray spec- 
aS tra (see below). 
re Formulas (21.12) and (21.13) 
R 3p have been shown valid by nu- 
merous experimental findings. 
The regularity expressed by 
E] (21.12) for the various energy 
levels (terms) of the sodium 
atom and the ions of Mg", 
Al**, etc., is shown in Fig. 32. 
GE X-ray spectra. Investigations 
of X-rays emitted by different 
elements likewise point to defi- 
nite discrete energy levels due to 
the shell structure of the elec- 
tronic cloud of the atom. The 
presence of energetically differ- 
ent groups of electrons in the 
electronic clouds of atoms is 
prominently revealed in the 
absorption spectra of X-rays, 
terms of Na, Mgt, Al**, etc. to take but one instance. The 
ite continuous nature of these spec- 
tra indicates that asa result of the absorption of a quantum of 
X-rays an electron is ejected from the atom (photoelectric effect). 
Indeed, the ionisation of various substances when irradiated with 
X-rays is a well-known property of these rays. 
The absorption coefficient of X-rays u, which enters into the 
well-known formula 


ry 6 


No Mg AC si? p" s" cu 


Fig. 32. yos versus Z for the lower 


I=I,e-# (21.14) 
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(1, and I are the intensities of the incident and transmitted 
rays, L is the thickness of the absorbing layer), exhibits a pe- 
culiar variation with the wavelength à: while increasing mono- 
tonically with the wavelength, p, at certain values characteristic 
of each substance A=Ax, Ax, Am, --- (and Ak «A Cn.) 
diminishes discontinuously (Fig. 
33). Since atoms have discrete 
energy groups of electrons, this 
is interpreted very simply as 


Tollows. / 
A quantum with energy L 
hv >hv x is capable of ejecting K 


from the atom any of its elec- 

trons, including the most strong- 

ly bound ones (K-electrons), Eu — VÀ 
the binding energy of which is di 
equal to hvg. Quanta with ener- Fig. 33. Absorption coeificient of 
gy hv, «hv «hvk eject from X-rays for silver as a function of 
the atom any electron with the wavelength 

exception of K-electrons. This ; "a 

is explained by the sharp drop in the absorption coefficient ob- 
served near Ak- Civ A Sa M= points to 
the existence of a group of electrons with binding energy hv. 
(L-electrons) which cannot be ejected from the atom when the 
energy of the quantum hv becomes less than their binding ener- 


gy, etc. 
The frequencies Ar, AL, Am ++ that correspond to the wavelengths 
VK, VL» VMs ee coincide with the limiting frequencies of the 


appropriate series in the spectra of the so-called characteristic 
X-rays. Like optical atomic spectra, the latter consist of separate 
lines that group into series Ke, L-, M., etc. The line distribution 
in each of these series is the same as 1n optical series (for in- 
stance, in the Balmer series, Fig. 30): with increasing frequency, 
the distance between lines diminishes regularly and the lines 
converge to a certain limit (the series limit). In the most TUN 
wave region of the spectrum lies the K-series with a threshol 
frequency vg; this is followed by the L- (threshold frequency 
vL), M- (threshold frequency NM)». etc., series. nds 

An analysis oi the characteristic. X-ray spectra shows that the 
threshold frequencies approximately satisfy the following relation- 
ship: 


which, on the basis of (21.2), may be rewritten in the form 
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Ey: —ErL: —En:... Bim3 mg vs 
whence it follows that 


— Esa. 


We thus obtain a scheme of energy levels that resembles the 
scheme of levels of the hydrogen atom (see Fig. 31). According 
to this scheme, excitation and the series structure of character- 
istic X-ray spectra are explained as follows. When one K-electron 
is removed from an atom (this requires the expenditure of 
hvg =A energy, and the atom passes from the K level to the 


Fig. 34. Excitation mechanism of X-rays 


level shown in Fig. 34 by the dashed line) the vacated place in 
the K-group is taken by an electron from the L-, M-, or any 
other group. If the transition is by an L-electron, the first and 
longest-wave line in the K-series is emitted, K,; if by an M- 
electron, the line K;, etc. Accordingly, when one of the L-elec- 
trons is removed from the atom, we have the transitions M—+L, 
NL, ..., which are attended by the emission oi lines L,, 
L4 ... (L-series), etc., as shown in Fig. 34. 

According to this scheme, the frequency of the K, line should 
be expressed by the formula : 


Mc SUL yen dA 
Beh itt 2/50 a 


The value of A may be obtained from the following data. 
Moseley (1913) showed that there is a linear relationship be- 
tween the square root of the frequency of definite lines of the 
characteristic X-ray spectra of various elements (for instance, the 
lines K, or L,, etc.) and their atomic number Z (cf. (21.13)). 
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In the particular case of K, lines, this relation is given by the 
following approximate expression: 


Eee y 
Be 
where R is a quantity that coincides with the Rydberg constant. 
Comparing these latter two expressions, we find A=hR (z — 1)* 


and, consequently, 
et he (2 =I A di) n—41,/2. (21:15) 


n 


Equation (21.15) turns out to be identical with (21.11), if in 
the latter we put z—1. On the basis of the physical meaning 
of the screening constant z this result. may be interpreted as 
follows. As we saw when considering the ionisation potentials of 
various elements, the group of most firmly bound electrons, 
which we should obviously identify with the K-group, contains 
two electrons. For this reason, the L-electron (the transition of 
which to the K-level is associated with the emission of the K, 
line) is acted upon by the nuclear charge Ze screened by only 
one electron, i.e., the charge (Z—\)e this finds expression 


From the foregoing discussion it may be seen that atoms of 
t up on the same principle. Its char- 
llows. All atomic electrons are distrib- 

uted into discrete energy groups. The energy of the electrons 
of each group is determined by the number n which represents 
the number of the group. The most firmly bound electrons and, 
consequently, those closest to the nucleus 
tron K-group (n = 1). This is iollowed by the L-group (n=2), 
which contains a maximum of eight electrons, the M-group 
(n—3) with a maximum of 18 electrons, etc. The groups Ke pris} 
and M are gradually filled up as the nuclear charge increases 
beginning with the H atom, which in the ground state has one 
K-electron. However, as has already been pointed out (Sec. 20), 
there are a number of places in the Periodic Table where the 


regularity of filling of electron groups breaks down. 


22. Mechanical Model of the Atom 


Bohr-Sommerfeld theory. The facts whi 
and the concepts about the structure of th 
atom that follow from them are evidence 0 
The problem of atomic structure has been on the agen 


e electronic cloud of the 


6 —3038 
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leyev, in 1869, discovered the periodic law of the chemical ele- 
ments. Out of the chaos caused by the indeterminateness of the 
number of diverse and independent chemical elements there 
emerged an orderly system of elements that reflected their dia- 
lectical unity, the underlying factor of which was the unified 
structure of the atoms of all elements made up of electrons and 
nuclei. The progress of nuclear physics that followed the discov- 
ery of radioactivity (Becquerel, 1896) yielded irrefutable evi- 
dence of the interconvertibility of the elements, thus establishing 
a genetic interconnection of the elements and their mutual kinship. 

The experiments of Rutherford (1911) on the scattering of 
alpha particles by a variety of elements that led to the discov- 
ery of the atomic nucleus (see Secs. 8 and 9) served as the 
starting point for the construction of a modern theory of the 
atom. Rutherford arrived at a planetary model of the atom, in 
which electrons revolve about a heavy nucleus like planets round 
the sun. The planetary model of the atom served as the basis 
for Bohr’s theory of the hydrogen atom (1913), which was the 
first quantitative theory of the atom. 

The hydrogen atom, which consists of a nucleus (proton) and 
only one electron, was naturally the first object of theoretical 
investigation. Yet even here the theory encountered difficulties 
that could not be surmounted by classical physics alone. One 
of the stumbling blocks was that an electron revolving about a 
nucleus and, consequently, experiencing acceleration should, on 
classical electrodynamics, be continually radiating energy and 
should ultimately and inevitably fall onto the nucleus. 

. The only way to surmount this difficulty was to give up clas- 
sical electrodynamics and consider it inapplicable to processes 
occurring inside the atom. Reasoning from this fact, Bohr pos- 
tulated the existence of stable electron orbits in the atom, and 
suggested that orbital motion was not attended by the radiation 
of energy. 

From the viewpoint of the planetary model, the mechanical 
problem of the motion of electrons in an atom is identical with 
that of the motion of celestial bodies in a planetary system. 
The identity of these two problems is evident from the fact 
that both in atomic physics and in astronomy one deals with 
central forces that obey the inverse square law (the laws 
of Coulomb and Newton). And so the entire mathematical appa- 
ratus of classical mechanics that had been worked out in con- 
nection with astronomical problems could be applied directly to 
solving the atomic problem. Í 

The latter reduces to the well-known problem of celestial 
mechanics concerning the motion of so-called multiply periodical 


.* 
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point systems, which have the distinguishing feature that their 
motion may be decomposed into simple periodica! components. 
Given N degrees of freedom, the state of motion of such systems 
is described by means of N generalised coordinates q, and 
generalised momenta p; (i=1, 2, 3, +--+ N), the latter being 
defined as partial derivatives of the kinetic energy of the system 
K with respect to the corresponding generalised velocities 
pea or 
St’ 
ôK 
——. 22.1 
Pi a ( ) 
The total energy oi the system E, which, in the gener- 
al case, is a function of the coordinates and the momenta, 
H (q, p —E (Hamiltonian function), satisfies the following 2N 
diferential equations: 
. D ôH 
-——— and b—— xp (22.2) 

equations, called Hamilton- 
io any transformation of 
(22.2) yields the solution 


The characteristic property of these 
ian, Or canonical, is their invariance 
coordinates. Integration of equations 


io the mechanical problem. : Q 
Proceeding from the invariance of the canonical equations, 


it is frequently possible to find a coordinate system in which the 
Hamiltonian function (the enersy of the system) is independent 
of the coordinates (or of part of the coordinates). Designating 
such coordinates (called angular, or cyclical) by Wi and their 
corresponding momenta by l; we will obviously have here, in 
place of equations (22.2), equations of the form 


w,=const — 0; and 1, — 0, 

irom which we straightway find the integrals of motion 
w, zt -- 9; and 1,=const. 

We will not dwell on the methods of obtaining canonical 

equations in the new coordinate system (of transformation to 

] t out that the condition 


cyclic coordinates), but will only poin 
for such transformation (from coordinates and momenta q, P 


to w, I) is fulfilment of the equalities 
1, — $ pida; (22.4) 


o the entire region of varia- 


(22.3) 


where the integration is extended t 
tion of the coordinate qi- 


6* 
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Classical mechanics does not impose any special conditions on 
the integrals I, (called phase integrals), as a result oi which the 
problem of the atom as considered within the framework of 
classical theory remains indeterminate. For one thing, we are 
not able to calculate the energy of the atom in its various 
energy states. Bohr eliminated this indeterminateness by sub- 
jecting the phase integrals to definite quantum conditions which 
reflect experimentally known (Sec. 21) quantised energy states 
of atoms. According to Bohr, these quantum conditions are 
expressed by the following equalities: 


= p,dq, — nih (22.5) 


where n; are integral numbers, so-called quantum numbers.” 

Atom (ion) with one electron. Considering an atom with one 
electron and a nuclear charge Ze (besides the H atom, these 
include the ions He*, Li**, Be***, etc., we have, in the 
simplest case of circular orbits, 


p? 
K=-} 
where J = eat is the moment of inertia of the atom (m and 


M are the mass of the electron and the nucleus, respectively) 
and q is the angular velocity of rotation of the electron and 
the nucleus (separated by a distance r) about their common 
centre of gravity. Computing the momentum p=% =J, we 
find from the condition (22.5) ** " 

2r 

| pde = 22J9 — n, h — nh 


o 
or 


p—Jq—hn,— hn. (22.6) 
From the quantum condition (22.6) and the condition of dy- 


namic equilibrium expressed by the equality of centrifugal force 


and the force of Coulomb attraction of the nucleus and the 
electron, 


ole i (22.7) 


. * It will be readily seen that the phase integrals I have the same dimen- 
dos as the Planck constant h, the dimensions of action: energy multiplied 
y time. 


** It will be noted that the equality J@—const expresses the Kepler law 
of areas. 


Sec, 22] MECHANICAL MODEL OF ATOM 149 


we obtain two equations for the two unknowns r and q. The 
solution of these equations gives expréssions for the radius of 
steady-state orbits and ior the linear velocity of the electron: 
nt MI 
Igi 4ne* er z” [4859 
M : dne M 1 
V.—— REM rQ i miM S (22.9) 


and 


Substituting here the numerical values, we get, for the radius 
(minimum) of a one-quantum (n=!) Bohr orbit of the H atom 


(Z—1), the value 
r,—0.529 A, 


and for the maximum velocity of the electron* in the H atom 
v,=2.19X 10* cm/sec. 

Further, since aK——V—t (see (22.7)), we obtain E— 

EIOS the total energy of the atom E--K-F-V, whence, 


zr 
on the basis of (22.8), we find 


3 
2 


95e mM Z hRZ? 
E= miM chante (22.10) 
where 

ontet mM (22.11) 


R= mM’ 

11) coincides, with great 
imentally obtained value of the Ryd- 
the theoretical expression for the energy 


berg constant. Thus, r t 
2.10) is in quantitative agree- 


of an atom with one electron (2 
ment with experiment (cf. formulas (21.3) and (21.5)). It may 
also be noted that (22.11) precisely conveys the experimentally 
observed dependence of the Rydberg constant on the mass of the 


The motion of Slacks in circular orbits is obviously a spe- 
cial case of the motion of aparticle in a field of central forces. 
The general solution of this problem leads to elliptical orbits. 
As applied to the atom, this problem was solved by Sommerfeld 


(1916). 
Here, the system (atom) has two degre 


kinetic energy is à function of =r an 


es of freedom and its 
d of t=. According- 


* The angular velocity of an electron in the ground state of the H atom 
is 9,20 = 0, =6.6 X 10" revolutions per second. 
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ly, we have two quantum conditions (22.5) and fwo quantum 
numbers: azimuthal, n,, and radial, n,. The number n, equal to 
the sum n,--n, is called the principal quantum number. 

The eccentricity of the electron orbit e is determined by the 
relationship between n, and n: 


je y:-(&8. (22.12) 


Circular orbits are obtained in the special case n,—n, i. e., 
aT atomic energy is expressed by the equation 

cce 
where a is the semi-major axis of the ellipse equal to 

a= Sot. (22.13) 


Substituting a (22.13) into the expression for energy, we obtain 
the same equation (22.10) as is the case of circular orbits. Con- 


Hw Z ^ N 
Fig. 85. Bohr-Sommerfeld orbits of hydrogen-like atom 

sequently, for a given value of the principal quantum number 
n the energy of an atom (ion) is independent of the shape of 
the orbit. 4 

The assemblage of orbits of a hydrogen-like atom for n—l, 
2, 9, and 4 (states K, L, M, and N) is given in Fig. 35.* We 
see that when n—1(K) there is only one (circular) orbit in 
accordance with the fact that the condition n— 1 is fulfilled 
only in the case of a single definite value of each of the quan- 
tum numbers n, and n, namely, n,—1 and n,—O, since the 
value n,—0 should obviously be excluded in all cases. Indeed, 
when n,—0 we obtain from (22.12) an eccentricity of the orbit 


equal to 1, as a result of which the semi-minor axis tends to 
zero. When n=?2 (L) there are two orbits, circular and ellipti- 


* The value of a in this figure is the same for all orbits. Actually, accord- 
ing to (22.13), a increases with n as n*. 
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cal, in accordance withtwo pairs of values of the numbers n,and n,:2,0 
and l,l, etc. In the general case the given value of n of the 
principal quantum number is obtained by means of n different 
combinations of numbers n, and n,;:n,—], 2, 32 mr and 
n,—0; 032/55: (n— 1). Thus, for each given value of n we 
have n different states of the atom with identical energy, i.e., 
they are indistinguishable with respect to energy. Such states 
are called degenerate. Let it be noted that in quantum statistics 
an elevated statistical weight* is attributed to degenerate states. 

However, investigation oi the structure of hydrogen lines by 
means of instruments with high resolution shows that in reality 
there is a slight splitting of the "degenerate" levels. Hence, 
degeneracy of. the levels of a hydrogen atom (as also the levels of 
the ions Het, Li**, etc.) is only apparent and these levels, due 
to the slight degree of their splitting, may be regarded as prac- 
tically degenerate. 

The feeble level splitting (removal of degeneracy) is also ob- 
tained in the case of a more precise solution of the mechanical 
problem of the atom with one electron if we take into account 
the dependence of the mass of the electron on its velocity 
(Sommerfeld, 1916). In this case (relativistic problem), in place 
of (22.10) for the energy of the atom (ion) we obtain the follow- 
ing approximate expression: 


DOE URL A (2-4) (22.14) 


ane" e is the velocity of ba the first term of which 


q= AREA 6 
coincides with (22.10), and the secon gives a slight correction. 
For the ground level of the H atom (n=n,=}), this correction 
amounts to about 0.001°/, and diminishes rapidly as the prin- 
cipal quantum number increases. Although the correction is 
small (because the speed of the electron -in the atom is less 
than 1°/, of the speed of light), the essential thing is that the 
energy of the atom is now a function not only of the number 
n, but also of the number ng. Therefore, states with the same n 
but with different n, will ditler somewhat in energy, which is 
what signifies splitting of a “degenerate” level (into n components). 
We also point out that in the relativistic theory of the atom 
the electronic orbits are no longer closed, but take the shape 
of a rosette (Fig. 36). In this case, the motion of an electron 
may be pictured as motion in a closed flat orbit that precesses 


* The statistical weight is an a priori probability of state. The same sta- 
tistical weight of various states indicates, for one thing, that these states are 
encountered with the same frequency under identical conditions. 
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with a certain angular .yelocity. However, since the angular 
velocity of precession is such that during one circuit of the elec- 
tron around the nucleus the orbital axis turns through an angle 
Aq (Fig. 36), which does not exceed 0.01, the electron orbits 
of the hydrogen atom may be considered closed — to the approx- 
imation to which one can speak of n-degeneracy of the energy 
levels of the H atom. 

Due to the smallness of the correction term in (22.14), the 

latter may be rewritten in the form 


hRZ 
En, no 2. Inf (ny n4)? 3a 
Zz 
-— (22.15) 
where 
2h? 3 
f(n, =F (4-7) and n*— 
z-n-—i (n, n,). 


In this form, the expression for the 
energy of an atom (or ion) with one 
electron is somewhat similar to the 
Fig. 36. Orbital preces- Rydberg formula (21.10) for the energy 
sion (Sommerfeld rosette) of atoms of the alkaline elements or of 

' corresponding ionswithone extraelectron. 

Positronium. Mesonic atoms. In connection with an atom (ion) 
with one electron we shall discuss briefly atoms of a peculiar 
sort discovered in nuclear physics, namely, positronium and 
mesonic atoms. Positronium appears when positrons are slowed 
down in a substance by interaction with electrons; it represents 
a system consisting of an electron and a positron that revolve 
about a common centre of gravity, and is very similar to the 
hydrogen atom. Using the formulas derived above for the H 
atom, it is possible to calculate the various constants of posi- 
tronium. For example, in view of the equality of mass of the 
positron and electron, from equation (22.8) it follows that the 
orbital radii of positronium should exceed by a factor of two 
the corresponding orbital radii of the H atom. For instance, in 
the ground state of positronium (n— 1) the orbital radius is 
approximately 1 A. Accordingly, the energy of dissociation of 
positronium into a positron and an electron comes out to one 
half the ionisation potential of the H atom. 

Further, depending on the mutual orientation of the spins of 
the positron and the electron positronium can exist in two states 
(Fig. 45, p. 209): orthopositronium, in which the spins of the 


Sec. 22] MECHANICAL MODEL OF ATOM 153 


particles are parallel and which has a mean lifetime t= 14X% 
X 1077 sec, converting into three y-photons,* and parapositro- 
nium with antiparallel spins and a lifetime of 1.25 X 10^ "* sec, con- 
verting to two photons. The ground level of orthopositronium 
(triplet state) lies above the ground level ol parapositronium 
(singlet state) by only 0.84 107? eV. Since for a number of 
molecules with an odd number of electrons (for instance, NO) 
the distance between levels with different’ orientation of spin is 
small (in NO this distance is 13.6 X 10-*eV), an ortho — para 
transition (by collision of positronium, with such molecules) is 


already possible at room temperature: 
orthopositronium +- NO CIL) = parapositronium +NO (Ib, ). 


Due to a great diflerence in the lifetime (which is inversely 
proportional to the probability of annihilation) of the ortho- and 
parastates of positronium, the ortho — para process leads to an 
f annihilation. Observation of this effect was what 
led to the experimental discovery of positronium (Deutsch, 1951). 

Another special type of atom are the mesonic atoms. The hy- 


negative mesons, prior to their cap’ c 
to their spontaneous decay, can continue revolving about the 


m-mesonic atoms (x^ -meson) with different lifetimes. 


In contrast to positronium, the ra 1 
rn out considerably less than the radii of elec- 


d, due to the fact that the meson mass is 
200-300 times (see p.83) that of ; 
meson orbits must be the same number of times less than the 
radii of the electron orbits, 
electrons in orbits far from the nucleus 
ceptible effect on the mesons in mesonic atoms. 1 
Computing, irom (22.8), the radius of the meson orbit closest 
to the nucleus, i.e., the quantity A (m, and m, are 
the masses of the electron and meson, respectively), we obtain 


* Decay into three photons is due to the law of conservation o] momen- 
tum since the spin of the photon is equal to h. 
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for various nuclei (at Z—=1) radii equal to 2.5107" cm 
(u-mesonic atom) and 2.0X 107" cm (a-mesonic atom) * and 
(at Z— 30) 8.3 107'* em and 6.5 107? cm, respectively, and 
(at Z— 100) 2.5X 107" cm and 2.0 10-'* cm, respectively. 
Comparing these numbers with the nuclear radii computed from 
(9.5) (p. 43): 25€ 107 em for Z=1, 6.25107? cm for Z=30, 
and 9.3 107"* em for Z—=100, we see that the meson not only 
revolves at close distances from the nucleus, as is the case of 
light nuclei, but already in the case of nuclei with Z— 30 (and 
more) it should penetrate the nucleus. 

Due to the closeness of the meson orbits to the nucleus (to 
say nothing of penetration into the nucleus) the dimensions of 
the nucleus and its structure, which can no longer be regarded 
as a point charge, affect the mesonic atom levels. As a result, 
there are changes in the order of the levels of the mesonic atom. 
For instance, unlike the H atom, the 2S-level in p-mesonic anti- 
mony (Z==51) lies above the 2P-level, while the 3S-level is 
above 3P and 3D. It is also necessary to take into account in- 
teraction between the meson and the nucleons of the nucleus. 
From what has been said it is clear that the study of mesonic 
atoms is very important for an understanding of the structure of 
nuclei and particle interaction and also for investigations into 
the mesons themselves. 

Atoms of the alkaline elements. As has already been pointed 
out above (p. 141), the experimentally observed close or complete 
coincidence of the high terms of atoms of alkaline elements with 
the corresponding hydrogen terms may be associated with the fact 
that in the former the electric field of the atomic core differs but slight- 
ly from the field of a point charge. In this case, obviously, 
the orbit of the outer electron is situated entirely outside the 
atomic core (non-penetrating orbits): due to the considerable dis- 
tance from it of the outer electron, interaction of the latter with 
the inner electrons may be regarded as a slight perturbation 
superimposed on the Coulomb attraction of the outer electron by 
the atomic core. 

This perturbation may be accounted for by expanding the po- 
tential energy V of the outer electron in the atom of an alkaline 
element in a power series of the small quantity r,/r, where r is 
the distance of the outer electron from the nucleus, while r, is 
the radius of a one-quantum Bohr orbit of the H atom: 


Vo=” [1 +e,(2)+¢,(2)'+¢, (2) +...] 


* These figures are obtained for the following values of meson mass: m, = 
= 207 m, (u.-meson) and m, — 273 m, (n-meson). 
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where ¢,, c,, etc., are constants determined by the nature of the 
distortion (perturbation) of the Coulomb field of the nucleus. Here, 
for generality, we have introduced the charge of the atomic core 
Z,, which is equal to 1 in the case of alkaline elements. Sum- 
ming V(r) and the kinetic energy of the electron 


K=$ Hro) 


(here, p= E is the reduced mass), which energy, due to 


p,—pr and p, =W P =p, may be rewritten in the form 
p= G(r be 
K=g (p+ ie): 
we obtain the total energy 


E— (p+ E)-58 AV 


a r KE 

AV < lis a) | e (2) pe] 

From the expression obtained for the total energy E, we find the 
radial momentum 


A è 
p= V m (EAV). 
and further, according to the Bohr quantum condition 


fipdr— nih. 
$ y (E482 av) — er nhi (09 h. 


rmediate operations) we ob- 
form of the following series: 


ni 
2 Z 3—<f)e 
SOBRZS RZ (1926 1 LIN d Li Leno 


m i 


where 


From this integral (omitting all inte 
iain the energy of the atom in ihe 


nn, nn? nn; / 


nert : 9 
1 (22.16) 


Disregarding terms containing the product of small quantities 
c, from expression (22.16) and in complete agreement with the 
empirical relationship of Ritz (21.9), we find 
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Zc, Zi 3 1 -u 
eric n, zi n; Zic, ( 2n? ! 2n?n? ) E 
ô. 
=n48+%+..., 
where the Rydberg correction 
Z Ze, 3Zic. 
$,——( ep cipere 525 (22.17) 
f ? g 
and the Ritz correction 
yan : 
Aims +... (22.18) 


In these expressions, for the corrections 6, and ô, as also in 
the expression for the energy of an atom (22.16), the constants 
c remain indeterminate. In the Born and Heisenberg theory 
(1924), this indeterminateness is eliminated in the following man- 
ner. The motion of the outer electron is regarded as motion of an 
atomic core in a Coulomb field perturbed by the field of a dipole 
that is due to polarisation of the atomic core (Me* ion) in the 
field of the outer electron. 

Introducing the polarisation coefficient «, defined as the dipole 
moment induced by a field, the intensity of which is equal to 


unity, and considering the field. of the electron €=- uniform 


r? 
throughout the extent of the atomic core, we obtain t=aG = > 


for the induced dipole moment r. This dipole acts on the elec- 
2 
tron with a force P= 3 , whence for the additional poten- 


tial energy of the electron we find 
a e? 
WV=—> = 


In the expression for the additional potential energy of the 
electron AV we can therefore disregard all terms, with the ex- 


ception of the term with the coefficient c,. Comparing this term, 
equal lo — A (=) c, with the expression obtained for AV, we 


" a 
find TEE 
c =t, =c, = ...—0) into equations (22.17) and (22.18), we 


- Substituting this value of c, (together with 
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obtain the following expressions for the corrections 6, and 6,: 


302, 1 
je eee SS 
à om (22.19) 
and 
aZ: 
DN be (22.20) 
à Pw 


ne 
3 aZ? 1 — 35 
wee BT m. (22.21) 
TI n? " 


It should be noted that according to (22.19) and (22.20) both 
corrections have diflerent signs, and in accordance with experi- 
ment the Ritz correction 6, >0. Further, since n, <n it follows 
from these equations that gsl >3, ie, that a greater role is 
played by the Rydberg correction (again in agreement with ex- 
periment). 

Calculations of the quantum defect A, on the basis of (22.21) 
and also by means of the more precise formula (24.17) obtained 
from a solution of the quantum-mechanical problem of an atom 
with one outer electron (sec. 24), reveal (as was to be expected) 
satisfactory agreement. with experiment only in the case of cir- 
cular orbits, lor which the quantum defect is small (see (22.21)) 
due to large values of n,—n. 

The reason for the quantitative nonagreement of theory and 
experiment in the case of elliptical orbits lies in the penetration 
of these orbits into the atomic core (penetrating orbits), as a result 
oi which the principal premise of the Born-Heisenberg theory 
concerning the large distance of the outer electron from the other 
electrons of the atom no longer holds. By way of illustration 
let us examine the orbit of a sodium atom characterised by the 
quantum numbers n=3 and n,—]1.* Using the formulas of the 
one-electron problem and evaluating, for this orbit, the minimum 
distance of the electron from the nucleus r,4,— a (1— e), where 
a is the semi-major axis of the ellipse and e is its eccentricity, 
we find Tmin = 0.27 A due to the fact that a— 0.53 X 3° A —4.78 A 
and e— V 8/3 — 0.943. On the other hand, equating the radius 
of the sodium atomic core to the radius of the ion Na*, we get 


* As we shall see below (p. 183), this orbit corresponds to the lower s-term 
of the Na atom, i.e., to the ground state of the atom. 
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1,— 0.95 A. We thus see that a sodium electron moving in the 
orbit under consideration must penetrate the atomic core to more 
than 2/3 of its radius. 

The atomic problem that takes into account orbital penetration 
of the outer electron into the atomic core is solved as follows. 
The orbit is taken to consist of two parts (outer and inner, which 
is situated inside the atomic core); in the outer portion of the orbit 
the electron experiences the action of a point charge eZ, (in the 
case of a neutral atom Z,—1), 
in the inner portion, the action 
of a certain eflective (also point) 
charge eZ,, which may be suffi- 
ciently large due to a reduction in 
the screening effect of the inner 
electrons (Fig. 37). 

Underlying quantitative evalu- 
j ations of atomic terms for the 

Fig. 37. Penetrating orbit case of penetrating orbits is the 

TM ore following model o the atomic 

re propose y Schrödinger (1921) and generalised by Wen- 
tzel (1923). According to the latter, the atomie core is 4 series 
of concentric charged spheres, each of which possesses a definite 
surface charge. The charge acting on the electron (Z,) depends 
on the depth of penetration of the orbit into the atomic core. 
The simplest solution oi the problem is ior the case of the so- 
called completely penetrating orbits (Fig. 37), which may be 
regarded as consistin of two ellipses (dashed line in Fig. 37): 
one entirely inside the atomic core, the other, the outer ellipse. 
For each ellipse we can introduce its radial quantum numbers 
n, and n, and, accordingly, the principal quantum numbers n; 
and n,, which are equal to n—n,--n, and n =n,- n, (since 
the angular momentum p is conserved, the number n, is the same 
Tor both ellipses). Further, due to the fact that the’ inner ellipse 
is totally inside the atomic core, the energy of the outer electron 
will be equal to its energy in the outer orbit, i.e., to the 
quantity ; 1 


RZ? hRZŻ 


tt ns rey 
fig Veit 


pe 


(22.22) 


Summing the numbers n, and n, and noting that the true prin- 
cipal quantum number of the penetrating orbit n =n, + n, = 
Sarita ei we obtain Neff =n, =n--n, — nj, 1:6 à 


A-n— ng; =n, — Ny. (22.23) 
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Denoting the semi-major axis of the inner ellipse by a, we have 


c nerit 
a=z ni 
and, further, due to the fact that the maximum distance of the 
electron from the nucleus in the inner ellipse should equal the 
radius of the atomic core r,, We have 


a (14- 8) —r,. 


Eliminating from the two latter equalities the quantity a and 


recalling that 
* Sareea 
NS parue. 
n? 


i 


we obtain the following approximate equation for the quantum 
defect A=|6| 

ta7, 
n,. (22.24) 


A us ^ 
V 22 dms 
"nou M 


It will readily be seen that expression (22.24), like (22.21), 
decreases with increasing n.. Indeed, having in view the terms 
that are characterised by the values n,—l and 2, and noting 
that the quantity Zi, like r,/r, is noticeably greater than unity, 
we can expand in a series the radical in (22.24) and, difer- 
entiating with respect to n, We find that 2 «C0. 

The values A for the s-terms as computed from the rather 
la (24.19) derived from (22.24), are found to 
be in good agreement with experiment (see p. 184). From this it 
iollows that we are here dealing with practically completely 

Worse agreement, with experiment, of the 
f the quantum defect for the p-terms may be 
that in this case the electron orbits 


As was pointed out above (p. 151), feeble splitting of the 
hydrogen terms is in agreement with the fact that the olectron 
orbits of the H atom are practically closed. For this reason, 


ments, whe 
about the nucleus in orbits of clearcut rosette-like shape. This 


conclusion is confirmed by calculation o 
of precession of the orbits. This calculation may be carried out 
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on the basis of the approximate theory of Born and Heisenberg. 
Let us find the equation of the electron orbit (equation of the 
irajectory) in an atom of an alkaline element. Computing the 
azimuthal momentum and radial momentum from formula (22.1), 


: p,—p-—mr'g and p,—mr 
and, further, 
p rdg dp 
where sat, we rewrite the expression for energy E in the form 
2 E d: 2 ti A 
E i L( is) +s] e*Z.s > Lyn 
Diflerentiating the latter expression with respect to q, we find 


d's ... me*Z, ER 2me'a , c 
HD T sj Ex ) rm 


This equation, which is the sought-for equation of the trajec- 
tory of the electron, is not integrated in final form. However, 
taking into account the approximate nature of the initial 
expression for E, it is possible to simplify equation (22.25) by 
replacing the quantity s* in the brackets with its mean value, 
which may be obtained from 


On the basis of the Kepler law of areas pits Zab and, con- 


sequently, l ET = zh so that 


2n 
UE 1 
S= nr | dat. (22.26) 
[LJ] 
Substituting s* into equation (22.25) in place of s*, we get 
ds — mez, 2me'a 
i a pF -( abp? )s. Ce) 
The solution to this simplified equation is the function 
S=A-+B cos yp (22.28) 
where 
y— y 1 EE (22.29) 


y 


m — 


a ŘŘĂĀ— 
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and 
. mez, 2 
am PM 
1 1 1 1 1 
Byaluatune Tin = emu ATE and Tmax=3,, —A=B' WE 
find, from the well-known relation 
— max — Tmin 
Imin + fmax” 
that e—B/A and, hence, 
s= -A (I +e cos yẹ). (22.30) 


This equation differs from the equation of an unperturbed 
ellipse by the factor y with which orbital precession is associated. 
Indeed, since y1, an electron at perihelion for q—0 comes 
to perihelion once more not at q — 2n but at yp=2n, i.e., when 
p= 2n]y > 2n. Consequently, during the time of a complete 
revolution of an electron in its orbit the major axis of the 


ellipse turns through the angle 
2n 1—vy 
Aq-—— Aime: 2n (22.31) 


(see Fig. 36). Accordingly, the angular velocity of precession 
will be 


Lt. 
T 
Dividing Q by the angular velocity of the electron in the orbit 
oe 
we obtain 
2-3. (22.32) 


|o, we see that Q and œ are close as to 


Evaluating the ratio 2) | 
order of magnitude. Indeed, transforming expression (22.29) to 


the form 
ea ee 
Wr Pn ann mn 
17 kd 


(here we note that b= a (n,n), a=r,n*, p=ħn, and r,—h'Je'm = 
=0.529 A) and substituting into it the values of the polarisation 
coefficients of the ions of alkaline elements (see p. 183) from 
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formula (22.32), we obtain, for the s-terms (n, = 1), Ap=10°-40°. 
Comparing this result with the angular velocity of precession 
of hydrogen orbits, the precession being characterised by the 
quantity Aq that does not exceed 0.01? (see p. 152), we see that 
as was to be expected the rosette-like character of the orbits 
in the atoms of the alkaline elements is very pronounced. 

It should be pointed out that precession also occurs in the 
case of penetrating orbits (Fig. 37); due to the strong attraction 
experienced by the electron inside the atomic core, the angular ' 
velocity of precession in this case should be greater than in the 
case of non-penetrating orbits. It may be demonstrated that the 
angular velocity of precession Q varies in the same sense as | 6|. 
For this reason, one should expect that in the case of penetrat- 
ing orbits, Q and e should be close in value. 

Magnetic properties of the atom in the Bohr-Sommerfeld theory. 
In the Bohr-Sommerfeld theory the magnetic properties of atoms 
receive the following pictorial interpretation. An electron revolv- 
ing about a nucleus may be regarded as a certain closed electric 
current i=e/t (tis the orbital period of the electron*). To this 
current there corresponds a definite magnetic moment u= iS, 
where S— ab is the area of the orbit (a and b are the semi- 
major and semi-minor axes of the ellipse), whence it follows 
that u= nabe/t Since nab/t = '/, (r'g) — p/2m (cf. p. 160), we have 

wore sè 

De (22.33) 
Substituting p —hn, into (22.33), for the magnetic moment of 
an electron orbit we get 


p= E n, =en (22.34) 


whence it follows that the magnetic moment of the atom, like 
its angular momentum p, is a quantised quantity representing 
a multiple of a certain elementary magnetic moment 
p= (22.35) 
The latter quantity is numerically equal to 9.271 X 107” 
erg-oersted™* and is called the Bohr magneton. 
Since for the ground state of the hydrogen atom n,=n=1, 
we must conclude that the magnetic moment of the H atom is 
equal to one Bohr magneton. Also equal to this quantity should 


* The idea that magnetism is due to certain (hypothetical) molecular 
currents was expressed by Ampere in 1822. 
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be the magnetic moments of the atoms of the alkali metals, 
and the atoms of copper, silver, and gold, the ground state of 
which is the s-state characterised by the azimuthal quantum 
number n,=1.* 

The first direct measurements of the magnetic moment, or, 
more precisely, the projections of the magnetic moment of atoms 
on the direction of the magnetic field were carried out by Stern 
and Gerlach in 1921 with atoms of silver. By passing a beam 
of silver atoms through an inhomogeneous magnetic field, they 
iound that the original beam is split into two beams of the same 
intensity. Subsequently, this phenomenon became known as the 
Stern-Gerlach effect. Phipps, Taylor, and Wrede likewise observed 
the splitting of a beam of hydrogen atoms into two beams. 
A similar effect was noted in the case of the atoms of sodium, 
potassium, copper, iron; in the case of nickel atoms there are 
three beams, while diamagnetic zinc, cadmium, mercury, and 
also helium do not exhibit any splitting at all. 

The only way to understand splitting of a beam of identical 
atoms in a magnetic field is to assume that the atoms are 
specifically and differently orientated with respect to the field 


direction. Indeed, denoting the field gradient by T and assum- 


ing the magnetic moment of the atom equal to p==ml, where 
m is the “magnetic mass” and / is the length of the elementary 
magnet, we obtain the following expression for the force acting 
on the magnetic moment: 


ôH oH oH 
F=m (H-1 cos a) — mH — mil cosa gr =H cosa- 


From this expression it is seen that the force acting on the 
atoms in an inhomogeneous magnetic field is proportional to 
the projection of the magnetic moment of the atom on the field 
direction u—g cos. Thus, from the fact of splitting of the 
beam there inevitably follows different and also discrete (in the 
sense of specific values of the angle a—=(, H), orientation of 
atoms in the magnetic field. 

The beam splitting of hydrogen atoms, like the other atoms 
of the first group, is such that half the atoms are deflected from 
the original direction to one side and half, the same distance 
to the other side. Whence it follows that in the case of these 
atoms cosa takes on two values that are equal in absolute 
magnitude but opposite in sign. It is impossible from the Stern- 


* Due to mutual compensation of the moments of separate electrons, the 
magnetic moment of the atomic cores of the alkaline elements is zero. 
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Gerlach experiments (and from any experiments for that matter) 
to determine separately the magnitude of the magnetic moment 
of an atom and cosa, since all manifestations of interaction of 
the atom with the magnetic field are determined by the quantity 
p'—pcoso; for this reason, the values of and cosa remain 
indeterminate. And only very arbitrarily, by considering one 
of the orientations of these atoms parallel (cosa—=-+1) and the 
other antiparallel (cosa — — 1) to the field, is it possible to 
identify the absolute value of the projection of the moment Ww 
with the moment p itself and thus determine the latter from the 
magnitude of splitting of the atomic beam. The magnetic moments 
thus measured of the atoms oí the first group turned out exactly 
equal to one Bohr magneton (ws). 

Also pointing to diflerent orientation of atoms in a magnetic 
field (space quantisation) is the study of the effect of the latter 
on atomic spectra. Since the energy of an atom in a magnetic 
field varies by the magnitude 


AE —uH cos (y, H), - (22.36) 


in the absence of “quantisation” of angles «= (p, H) one should 
expect a certain difluseness of the spectral lines as compared 
with the lines emitted or absorbed by the atom in the absence 
of a field. Yet experiment shows that in a magnetic field we 
have splitting of spectral lines into a definite number of com- 
ponents (Zeeman effect, see Sec. 30), which indicates that AE 
and, consequently, the projection of the magnetic moment 
p —gpcosc take on definite discrete values in a magnetic field. 

The space quantisation of atomic elementary magnets in a 
magnetic field, which is so clearcut in the Stern-Gerlach effect 
and in the Zeeman effect, was established also theoretically in 
1916 by Debye and Sommerfeld. Considering the motion oi an 
electron about a nucleus in three-dimensional space, that is, in 
the coordinates r, 0, p (9 is the angle between the normal to 
the plane of the electron orbit and the polar axis, p is the 
angle reckoned on the equatorial plane from its line of inter- 
section with the plane of the orbit), it is possible to obtain 
further generalisation of the mechanical problem of the atom, 
the solution of which yields (for the energy oi the atom) an 
earlier obtained expression (22.10). The essentially new result 
of the more general solution of the problem consists in the fact 
that the projection of the orbital angular momentum p on the 
direction of the polar axis turns out to be a quantised quantity: 


p'—pcos ó— m,h (22.37) 
where m, is an integer. Substituting into (22.37) p=n,h (22.6) 
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we find 


m, 

cos ð=- . (22.38) 
Thus, cos ® can assume only definite discrete values, i.e., the 
electron orbit is definitely and discretely oriented in space 
(space quantisation). From formula (22.38) it follows that the 
maximum and minimum values of the quantum number m, must 
be equal to n, and —n,, respectively. Hence, due to the inte- 
grality of m,, it may be equal to 


ins Emo inen D)y x (n, —2), ..., #1, 0, 


i.e., it may assume 2n, 4-1 different values. 


From equalities (22.37) and (22.33) it follows that 
h 
2 


D 


cos? m,=[pm,. (22.39) 


e 

p m Me 
Thus, also the projection of the magnetic moment of the atom 
is quantised. Given an outer magnetic (or electric) field, the 
direction of the polar axis becomes fixed in space. Assuming 
ð= (p, H)—«, we obtain the following expression for the 
projection of the magnetic moment on the direction of the 
magnetic field: 


pl — p cos à = pugm,. (22.40) 


Since the quantum number m, determines the magnitude of the 
projections of the magnetic moment, it may be called the 
magnetic quantum (orbital) number. 

intrinsic contradictions of the Bohr theory. The postulate 
underlying the Bohr theory concerning the quantisation of 
momentum, which is expressed by the quantum conditions (22.5), 
follows from the empirical expression for the energy of the 
atom (21,5). For this reason, coincidence with experiment of 
the atom-energy values calculated on the basis of this postulate 
cannot be regarded as experimental confirmation of the Bohr 
theory. The experimental verification oi the Bohr theory must 
consist in a correlation of experimentel data ol such properties 
of the atom as were not used in constructing the theory. Among 
others, they are the magnetic properties oi the atom. As we 
have already seen, the results of theory, both as regards the 
magnitude of the magnetic moment of atoms and the phenomenon 
of space quantisation, are in close agreement with experiment. 
However, a more detailed examination of the magnetic properties 
of atoms shows that this correspondence is only qualitative and, 
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actually, apparent. Consequently, these results of theory do not 
coincide with experimental findings, they contradict them. 

Indeed, since the principal term of hydrogen (this goes for 
all the other atoms of the first group also) is the S-term, to 
this term is assigned the azimuthal quantum number n,—1, 
whence, on the basis of formula (22.38), we get the following 
three values of cosa: +-1, 0, — 1. Thus, one should expect that 
a beam of atoms of any element of the first group in an inhomo- 
geneous magnetic field will be split into three beams, whereas 
in reality we observe a splitting into fwo beams (p. 164). Another 
fact that refers to the Stern-Gerlach effect and also contradicts 
the conclusions of theory is splitting into two beams in the case 
of thallium, the magnetic moment of which (calculated on the 
assumption of cos æ= +1) turns out, however, to be equal to 
1/3 ug in place of an integral multiple of ps. 

This divergence from experiment points to profound internal 
contradictions in the Bohr theory, which are particularly promi- 
nent when investigating the so-called fine structure’ of atomic 
terms. A detailed study of the structure of the spectra of various 
elements shows that the greater part of their spectral lines has 
a multiplet, or fine, structure and consists of several components. 
For example, all the lines of the principal and sharp series of 
the alkaline elements are doublets (recall the well-known D-line 
of sodium — the first member in the principal series — which is 
a doublet with components D, and D,), while the lines of the 
diffuse series and the Bergmann series are triplets. The fine struc- 
ture of spectral lines is an indication of the multiplicity of atomic 
terms. To account for the latter, Uhlenbeck and Goudsmit (1925) 
expressed the view, later confirmed by vast experimental material, 
that the electron possesses spin, the interaction of which with 
the orbital angular momentum is what leads to splitting of the term. 

However, within the framework of the Bohr theory, attempts 
at a consistent quantitative interpretation of the multiplet struc- 
ture of atomic terms on the basis of this assumption encounter 
difficulties of a fundamental nature. In particular, from the doublet 
Structure of the P-, D-, etc., terms of an atom with one outer 
electron it may be concluded that space quantisation of spin in 
the field of the orbital angular momentum of the electron leads 
to two different orientations of spin. However, unlike all t 
other terms, the S-terms are simple, which indicates an absence 
of interaction of spin and orbital angular momentum in this case. 
And the latter is possible only in the absence of an intra-atomic 
magnetic field, i.e., when the orbital angular momentum of the 
atom is equal to zero, which, if we take into account (22.34), 
leads to n,—n—-0. Thus, calculating the energy of the S-states 
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of an atom with one electron, for instance, the ground state of 
the H atom, we must put n=n,—1, whereas when calculating 
the orbital angular momentum in the same state of the atom one 
has to put n=n,=0 (which leads to | E|= 0). 

This intrinsic contradiction of the Bohr theory was only one 
of the signs that it was untenable. The Bohr theory was likewise 
incapable of solving the mechanical problem of the helium atom: 
all attempts at calculating the energy and the magnetic moment 
of the He atom encountered the same difficulties as in the simple 
case of the H atom. The contradictory nature of the Bohr theory 
also became evident in attempts to evaluate the intensities of 
spectral lines: an approximate (asymptotic) solution of this prob- 
lem was given by Bohr by means of introducing the so-called 
correspondence principle; but this principle is based on the laws 
of classical electrodynamics, the inapplicability of which to 
intra-atomic processes was postulated by Bohr as one of the 
basic principles of his theory. 

An experimental verification of the Bohr theory thus shows 
that it is capable of giving a satisfactory and semi-quantative 
explanation only of an extremely limited number of experimental 
facts. The subsequent development of physics showed that this. 
limitedness of the Bohr theory (the theory proceeds from the 
concepts of classical physics into which Bohr artificially intro- 
duced quantum laws alien to it) is rooted in the limitedness of 
classical concepts concerning microparticles. 


- 
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CHAPTER 4 
THE QUANTUM-MECHANICAL THEORY OF THE ATOM 


23. Wave Equation 


Amplitude equation. The problem of the atom, which could 
not be adequately solved by the intrinsically contradictory and, 
essentially, semi-empirical theory of Bohr, was completely solved 
by quantum or wave, mechanics constructed on a wider basis 
than the old theory. Quantum mechanics is based on the the con- 
cept of the wave-like properties of particles, and first of all on the 
wave-like properties of the electron (Sec. 7). 

The creators of quantum mechanics, Born, Heisenberg and 
Jordan (1925), and Schrédinger (1926), used different mathe- 
matical tools. Whereas Born, Heisenberg and Jordan reduced 
the mathematical apparatus of the new theory to matrix calculus, 
which operates with an assembly of coordinates of a system of 
oscillators representing each real atom, the mathematical inter- 
pretation of Schródinger is based on replacing the equations of 

tion of classical mechanics with a wave equation, which de- 
scribes a certain wave process in accordance with the wave prop- 
erties of matter in the sense of the de Broglie theory. Schró- 
dinger (1926) demonstrated the identity of both forms of quan- 
tum mechanics. Henceforward we shall confine ourselves to the 
Schrödinger form, in which the wave properties of particles are 
reflected by a wave function (@) obtained from solution of the 
wave equation. j 
_In wave optics, the propagation of a certain physical quan- 
tity ọ with a velocity u is described by the equation 

es) 
AQ—u it 
In this equation, called the wave equation, Aq is the Laplacian 
operator of the function q: 


— 7? Oy | PP 
Ap = d e 
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In the case of harmonic oscillations with a frequency v, we may 
put 
qe (23.1) 


where «p (x, y, 2) is the amplitude of oscillations of the quantity 9. 
It will be noted that on the basis of the relation E=hv which 
is one of the expressions of wave-particle duality (see p. 32), the 
frequency v may be replaced by the energy E, whence it follows 
that 
exit 
q= pe 3 (23.2) 
Calculating TP —-— Ac v'e and substituting this quantity into 
the initial wave equation, we obtain 
2 
Agp 4 = 90 


1 u 
or, since A— 


ho-- xc 9—0 


where X—/2x. Omitting the temporal factor et we get the 
following equation for the function «p (amplitude equation): 


aptr —0. (23.3) 


2 
In the wave equation of quantum mechanics, which has the 
form of equation (23.3), the quantity A is the de Broglie 
wavelength i— (7.2) or r=} =i). Bearidg in mind 
the problem of the motion of an electron and expressing its 
momentum g in terms of the kinetic energy K, g—VmK, we 


get zm Substituting this expression Tor x into the wave 


equation (23.3), we reduce it to the form 


Apt ir Ky=0. (23.4) 
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atom (ion) with one electron arid comparing it to the radius 
of a Bohr orbit, we readily see the commensurability of both 
quantities. Indeed, from (22.10) and (22.11) for the kinetic 


energy K —— E, we find K= 9 EH whence it follows 
that g— pum Kou EXC Substituting this quantity 
into formula t=2 (7.2), we get 

__ fh? m+M 

SS ys aie n. (23.5) 

For the radius of the Bohr orbit we have (see (22.8)) 

_ ft mqM., 

=Z mM ": 


Correlating r with (23.5) we get 
r=kn, (23.6) 


which is the commensurability of r and X at least for not too 
great n. Whence it follows that the laws of classical mechanics 
cannot be used to describe the motion of an electron in an 
atom, and the problem must be solved on the basis of the wave 
equation of quantum mechanics. 

Physical meaning of the wave function. Before passing over to 
a quantum-mechanical solution of the problem of the atom, let 
us clarify the physical meaning of the wave function w. It is 
easy to establish a mutual correspondence between wave and 
corpuscular concepts, Indeed, considering, for instance, the inten- 
sity of an electron beam, we determine it, from the corpuscu- 
lar viewpoint, as a quantity proportional to the density oi the 
beam, i.e., to the number of electrons per cubic centimeter. 
But on the wave concept, since the wave intensity is propor- 
tional to the square of its amplitude, the intensity of the elec- 
tron beam should be set proportional to the quantity p? or, 
more precisely (since the wave function in the general case may 
be a complex quantity), to the square of its modulus | p|*=pp* 
( and '* are complex conjugate quantities). Thus, |p|* acquires 
the Meaning of density, Proceeding from this interpretation 
of the function Hap |? and multiplying it by the electron charge 
and the element of volume dV, we obtain a quantity which, 
obviously, will have the meaning of the charge of this element 
cf Volume e|'Pl dV; integrating over the whole volume, we get 

€ charge of this volume. The wave function is ordinarily nor- 
malised so that the Magnitude of this charge is assumed equal 
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to the electron charge, whence it follows that 
[Ipp dav =1. (23.7) 


This interpretation of |p|? is arrived at also by the follow- 
ing reasoning. Since the wave equation (23.3) is identical 
with the equation that describes elastic vibrations of a liquid 
sphere, it may be taken that the vibrational process in the 
atom described by this equation is analogous to the above-men- 
tioned vibrations of the sphere. It is precisely this analogy 
that underlies the concept, introduced by Schródinger, of the 
electron in the atom as a negatively charged cloud. Since the 
energy of vibrations of a liquid sphere is proportional to the 
quantity |p|? (and in the case of the atom we deal with the 
vibrations of an electric charge) it is in this case natural to 
assume |p|? proportional to the density of the charge. If we 
normalise the function tp, subjecting it to the condition 


ef p] dV=e or \\prav=l 


(dV is an element of intra-atomic volume), which condition 
the electron cloud 


expresses the fact that the total charge of 
ora to e, then eļŅ]? may be considered the charge density. 
owever, the function p allows for a diferent interpretation, 
too, which is more consonant with the spirit of quantum me- 
chanics with its statistical, probabilistic interpretation of physical 
processes. Namely, according to Born, the quantity |p|? dV. is 
the probability of finding an electron in a given element of Vol- 
we dV. Fronr e ons, wh the quantity is rently 
called the probability density, while the function p itself is the 
babilily. In this case, the normalising condition 
(23.7) indicates that the probability of finding an electron any- 
where inside the atom is unity. 
From the probabilistic interpret 
it follows that the position (trajec 


cannot be determined to any desire 1 y s 
chanics. Calculating the quantity |p| 


the case in classical me à | 
from the wave equation, we can determine only the probabi ity 
of finding an electron at a given point of space. This peculi- 
arity of quantum mechanics is expressed, in the most general 
form, by Heisenberg's uncertainty principle. One of the mathemat- 
ical formulations of this principle states that 


Ax << Ap =h. (23.8) 


— 7? 
Here Ax is the measure of uncertainty of the geometric positio® 
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of an electron and Ap is a measure of the uncertainty of its 
‘momentum (p=mv). Whence it follows that the more precisely 
we determine the momentum or the energy of the particle 
(electron), the less precisely we can determine its position. In 
particular, from the fact that the energy of an electron in the 
steady state of an atom is strictly fixed, it follows that it is 
impossible to define its orbit. The uncertainty principle arises 
from the necessity of taking simultaneous account of two aspects 
of the elementary particle (electron): corpuscular and wave, 

Incorrect interpretations of the corollaries that follow from 
the uncertainty principle have given rise to a series of idealistic 
philosophical distortions. Particularly great were the distor- 
tions in connection with the causality principle. Thus, Heisen- 
berg, already in 1927, in the paper in which he enunciated the 

principle, wrote: *. .. quantum mechanics has definitely established 
that the law of causality is untenable”. Yet negation of the 
causality principle leads to fideism. Thus, Eddington, in his 
book The Nature of the Physical World states that it may be 
that the reasoning of modern science permits of the conclusion 
that religion has become acceptable to a common sense scientific 
mind beginning with 1927. 

These and similar idealistic “conclusions” drawn by certain 
scientists in connection with the uncertainty principle are based 
on a certain misunderstanding associated mainly with imper- 
missible attempts to describe the motion of a microparticle by 
Ineans of the concepts of classical mechanics, while ignoring 
its wave properties. The fallacy in this approach to the problem 
was most clearly stated” by Langevin, who said the following 
with regard to the uncertainty principle: “Experience tells us 
that it is impossible to define exactly, at one and the same 
instant, the position and velocity of a particle. We immediately 
draw the conclusion that uncertainty underlies the laws of na- 
ture. However, why should we not assume that our corpuscular 
concept is inadequate, that. it is impossible to represent the 
intra-atomic world by extrapolating to the limit our macroscopic 
conception of a moving body. From the fact that nature does 
not give an exact answer to the question concerning particle 
' motion it would be too pretentious on our part to conclude that 

there is no determinism in nature. It is. much simpler to say: 

the problem has been badly posed — in nature there is no cor- 
puscular microparticle. . .» 

Free-particle motion. Returning to the wave equation (23.4), 
let us solve. it first for a free electron, i.e., for an electron 
moving outside a field of force. It may readily be shown that 
in this case, by separatirig the variables, equation (23.4) reduces 


-— » 


> 
Sec. 231 WAVE EQUATION 173 


: : a 
to three identical equations corresponding to motion along the 
axes x, y, and z. In other words, a three-dimensional problem 
is reduced to a one-dimensional one. Indeed, putting 


v, y, 2 XQ)YQ) K=K hK TK 


and computing the Laplacian Aw, from (23.4) we get the 
equation 2 
dX . 2 
Sat KX =0 (23.9) 
and two analogous equations for Y and Z. 
The solution of equation (23.9) has the form 


X = A, sin (B.x - CJ (23.10) 


and exists for any energy values oi the electron K,, if the space 
in which the electron moves is boundless (— o9 < X < o9). 

The situation is different when a particle (electron) moves in 
a confined volume. Thus, if the motion along the x axis is limit- 
ed to the region 0< x < ax the boundary conditions take .on 
great significance in the solution of the problem. They may be 
formulated as follows. Since the electron cannot get outside the 
indicated region, the probability that the electron will find 
itself on the boundaries of this region, i.e., at x—0 and 
at x—a,, must be zero. And since this probability is determined 
by the quantity |X|? (see p. 171), we get the iollowing bound- 
ary conditions: X—0 when x=0 and when x==a,. The first 
yields sin C,=0, ie; Q,—0, the second, sin (B,a, -- C9 70, 
Lês m, where n, is an integer. Thus, the, solution to 

* 


a 
equation (23:9) has the form 
ec AP sin = x. 
Computing im and substituting this quantity together with X 
into equation (23.9), we obtain 
ne ny 

Kon cae (23.11) 

Analogous expressions are obtained for the components of the 


kinetic energy of the electron along the y and z axes. For the 
total kinetic energy we have 


New ntelkdon th Y 
reg (5-2). (23.12) 


[v 


B 
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From this result it follows that the kinetic energy of a free 
electron moving in a limited volume is a quantised quantity. 
True, it must be said that due to the smallness of h*/2m (of 
the order of 10-**CGS) this property of the kinetic energy of 
the electron is significant only in sufficiently small volumes 
confining its free motion. For this reason, in most practical 
cases the energy of a free electron may be considered (to a 
high degree of accuracy) as a continuouswarbitrary quantity. In 
such cases, the motion of a free electron may be evaluated, 
without any essential error, on the basis of classical mechanics. 

Schrédinger equation. The essential difference in the motion 
of a bound electron (for example, in the atom) and a free 
electron consists in the fact that whereas the potential energy 
of the latter is zero, the bound electron moving in a field of 
force has potential energy in addition to kinetic energy. Substi- 

2 
tuting into equation (23.3) the quantity E 
(see p. 169) and replacing the kinetic energy by the difference in 
the total and potential energies, K— E — V, we transform this 
equation to the form 


hi -- xe spa E — V) $—0. (23.13) 


Equation (23.13), which was first derived by Schródinger (1926) 
is called the Schrödinger equation. It underlies the solution of 
many problems of atomic physics. 

Before going over to a consideration of specific problems, 
let us note the following peculiarity of the quantum-mechanical 
approach to the solütion of these problems on the basis of 
Schrédinger’s wave equation. From the theory of differential 
equations it is known that the solution of any equation that 
satisfies the physical conditions of the given problem is possible 
only for definite values of the. parameters that enter into the 
equation. These parameter values are called characteristic numbers, 
or eigenvalues of the given problem, to which there correspond 
solutions wp, called eigenfunctions. 

In the Schrédinger equation, the total energy of the system 
is the constant parameter. For this reason, the assembly of eigen- 
values En in any concrete case of the solution of this equation. 
represents the entire totality of energy levels of the given system, 
Thus, in quantum mechanics the physical problem of quantisation 
reduces to a mathematical problem of the solution of the wave 
equation. 


—_ —À 


_ 


Sec. 24] ATOM (ION) WITH ONE ELECTRON 175 
-- 


24. Atom (lon) with One Electron 


Solution of the Schrédinger equation, The problem of a hy- 
drogen-like atom, i.e., an atom or ion consisting of a nucleus 
and one electron, is a problem of the motion of an electron in 
the Coulomb field of the nucleus (the one-electron problem). 
Assuming the nuclear charge equal to Ze and introducing the 


expression for the potential energy of the atom yv=—% into 
equation (23.12), we obtain 
Ay+ de Ma (E 4-8) —0. (24.1) 
m+M r 


In spherical coordinates, r, 9, q, associated with Cartesian coor- 
dinates x, y, z by the relations 


x—rsinOsing, y-rsin cos p, z—r cos 0, 
equation (24.1) assumes the form 
1 0 [34900 1 ap CR ECOR A 7 
tt ‘Or (r ax) r? sin? 9 OQ? } r sin? 0 00 (sino 25.) + » 
2 mM Zer 
aepR T) 
which permits separation of the variables. Introducing the func- 


tions R, ©, ®: 
p(r, 9, y) =R (r) © (0) © (p) =R (7) S (9, P); (24-2) 


we, transform this equation to the form 
1 d dR 2 mM Ze 
"R dr (r R) i EH \r n 
os lu O er AOSA E 
+ sant ag t Sain 8 08 (sino 55 =O: 


The latter equation is thus separated into the two following 


equations: 
Dod fa AR) jo 2 mM Zaye, 
R dr (7 Rta wen (E+ f )r =) (24.3) 
and 
E uS it ES 
savy St sanoie (09 5p) e^ (24.4) 


where A is a certain constant. Further, substituting into the lat- 
ier equation S(0, p =9 (9) ® (9), it may, in turn be separat- 
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ed into the following two equations, ‘setting dag mi 
Prd AE , d0 mi 
sns ao (sin 9-35 ) | (a— G 0 (24.5) 
and $ 
do n 
Tp tb mj D=0. (24.6) 


The solution of the latter equation, to the accuracy of a cer- 
tain constant factor, has the form 


Q—ezilm Is (24.7) 
or, assuming negative values of the number m, along with posi- 
tive values, 

pem, ¢, (24.8) 
The unambiguity of the solution demands that m, be an integer. * 

As for the equation for 8 (0), by introducing a new variable 
x==cos and by putting © (8)—(1— x*)!m, Vev (x), we first 
transform this equation to 

(1.— x) v'—2(m;I3- D xv 4-(&.— m] — m) v—0 
where v' and v' denote the first and second derivatives of the 
function v (x) with respect to x, respectively. To find the solution 
to the latter equation we put y — (x! — 1)" where / is an integral 
positive number. Taking logarithms and then differentiating y 
with wespect to x, we get 
(1 — x*) y' + 2/xy =0, 

From this equationy after differentiating it k-41 times with 
respect to x and denoting 
Sky dei 

Ll2w—. 


z= 
dx dx* 


we get the equation 

(1 — x*)2”— 2(k — L-- 1) xz’ + (21 — k) (k++ 1)z —0, 
which turns out identical to the equation for the function v(x) 
on the condition that 
v=cz, |m, |4 1=k— -41 and (2! —k) (k- 1) — 4 — | m, | — mi, 


where c is some constant. 


* In this case, the condition of uniqueness may be written in the lorm 


imọ im, (y E 2: 
ei Ee 59 -whence'there follows the integrality of m; 
> 
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From the latter equalities we find k—/-1-|m;| and 
A=1(1+1). (24,9) 
And the equality v—cz gives the solution to the equation for 
the function v in the form 
vos e S; (tly, 
irom which we find 


Em | » 
O (8) — c (1 — x*) m nis (x —1y , x— cos. (24.10) 


This expression is the solution to the initial equation for the 
function © for any integral values of the number m, contained 
between -l-/ and —J. But as will be seen from (24.10), for the 
values |mj| 7» /, © converts to zero. Thus for a given / (the phys- 
cal. meaning of this number will be clarified later) we have 
21-l-] solutions of © that correspond to the following 2/--1 
values assumed by the number m;: d 


"es rey eo ciet fpe fare AAO FA 


All these solutions are finite in the entire space of the coordinate 
ð, which is essential in connection with the above established 
physical meaning of the function p. 

Now turning to the solution of the equation for the radial 
function R (24.3), we rewrite it (taking into account (24.9) in 
the. form 


R ARG apes — RE] R=0 


dr ! r dr 
where 
2 mM us. t cmM i, 
A= Fr mpe and B—nrmq-Mt vA 


Let us first find the asymptotic solution of this equation, 
which holds for large r. We rewrite the preceding equation for 
this case in the form 


GR AR=0 


ar 
Its solution has the form 
R=Gelaal Cie see 
We can obviously satisly the necessary demand for the finite- 


ness of the function R for all values of coordinate r (also for 
E 


73038 : che 


LZ 
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the case when roo) by putting C,— 0. Thus, the asymptotic 
solution to equation (24.3) will have the form (C=C,): 


Ri) = Cesta S. 
We obtain the general solution to this equation (which solution 


holds for any r) by considering C a function of r. Introducing 
the new variable o—2 V — Ar, we transform equation (24.3) to 


+(e- jor Gre) en 


The solution to the latter equation is 
vk 


C= D apri 


v=0 


which is confirmed by simple substitution. 

Substituting the ‘quantities C, C’=Sa,(v+Jort!-' and 
C= av+)XW+l—)) Q'/-* into the equation for C and 
equating to zero the sum of the coefficients in the term contain- 
ing o in any degree, we obtain the following recurrent formula: 

[v 4-147 D (v 3-0 272 ( 4-127 1) —£0 77 0] a= 
B ý 


=(v+i+1— ELE 


m 


which connects the coefficients of the polynomial C and permits 
expressing all coefficients in terms of one (for instance, in terms 
of a,). Thus, to the accuracy of a constant factor, the function 
R may be represented in the following general form: 


v=k 
R (r) =e? 2 art, o—2V — Ar. (24.12) 


By virtue of the necessarily finiteness of the function tp, the 
polynomial C must likewise be finite, which is accounted for by 
its breaking off at the Ath term. In such a case, the coefficients 
of the polynomial a,,,, a,,,, ..., must obviously be zero, and 
fas recurrent formula for the coefficients a, we obtain (putting 
yk) 

B P 
DES k+/+l=n, 


Substituting the foregoing values of A and B, we find (taking 
into account (22.11)): 


tet mM Z? hRZ* 
OELEQA—ÜUT aha (24.13) 
* 
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This expression coincides exactly with the expression for 
the energy of a hydrogen-like atom (22.10) in the Bohr theory, 
which is characterised by the principal quantum number n. Con- 


sequently, the number 
n=k+/+1 (24.14) 


turns out identical to the principal quantum number of Bohr's 
atomic theory. The quantum number n, according to (24.14), is 
composed of the numbers k and /, which can take on positive 
integral values beginning with zero. Obviously, the maximal 
values of these numbers for a given n are equal to n— 1. 

Correlating (24.14) with the formula n=n, +n, (p. 150) ob- 
tained from the Bohr theory, we see that the numbers k and / must 
be in a certain correspondence with the numbers n, and n,. To 
establish this correspondence we do as follows. Calculating the 
mean radius of the elliptical Bohr orbit of the hydrogen atom, 
we find* 


Fat (rater! [ +3 (1 — 3 J ; 


On the other hand, a quantum-mechanical calculation of the mean 
distance of the electron from the nucleus in the H atom yields: 


F— S yuryndv=rn [1+4 (1—2). 


Identifying both values of r, we obtain 
niil). ^ (24.15) 


Atoms of alkaline elements and the quantum characteristic of 
spectral terms. An approximate solution to the Schrédinger equa- 
tion (23.13) may readily be obtained also for atoms or ions with 
one outer electron on the assumption that this electron is at a 
sufficiently large distance from the nucleus, as a result of which 
its interaction with the remaining electrons in the atom may be 
'regarded as a slight perturbation superimposed on the Coulomb 
attraction of the atomic core. As we have seen above (Sec. 22), 
such an approximation is taken in the Born-Heisenberg theory 
for electron orbits that do not penetrate into the atomic core. 

Solving the problem to this approximation, we put, in the 
Schródinger equation 


2. mM T 
AY + tr mem (E—V) ¥=0, 
* In the integration, use is made of the equation of the ellipse and the 
relation derived from Kepler's law of areas rdt/t=r°dq/2nab. 


7* 


180 QUANTUM-MECHANICAL THEORY OF ATOM [Ch. 4 


the potential energy V equal to 
Nen EA AY, 


r 


where the energy of perturbation AV is small compared with the 
energy of Coulomb interaction between the electron and the atomic 
core. Taking advantage of the expression given on p. 156 for the 
quantity AV, $ 


NV AEn 


oF? 


and replacing I/r* by its mean value 


m leas 32; 
=) age ud UD 


where 
LUE) 
f(n,)— 4 api 
I= FT DIC DFF D” 

we obtain 

272 

E= 2S 0, I. 
‘ 


When AV = AE = const, the Schrödinger equation differs from 
the equation of the one-electron problem (24.1) in only one 
respect: in place of the eigenvalue E we have to substitute 
E— AE. For this reason, solution of the Schrödinger equation 
in this case, instead of (24.13), will have the form 


or 


Computing the ratio AE/Eu on the basis of the expressions. 


for AE and Eg found above, we obtain, after a few transforma- 


tions, » 


AE 302 
L—. ni(n, l). 
F n^i (n, /) 

Substituting this quantity into the expression for the energy of 

e atom E, we represent this expression in the form of the Ryd- ` 
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berg formula, due to the smallness of AE/Ex: 


hRZ? hRZ? d 
En, = my ta A (24.16) 
where the quantum defect 
: pelted) 
e em 92, 3n? (24.17) 


1 Ft D Eh) 03 DOCET 7 


From this formula it will be seen that for a given n, the quantum 
defect sharply diminishes with increase in the quantum number /. 
Comparing (24.17) with the earlier derived (on the basis.of tne 
Bohr theory) and less accurate formula (22.21), it is evident that 
they are in fair agreement if we take ni—1(l--1) (see (24.15). 
From (24.16) we obtain, for the terms of alkaline elements 
or the corresponding ions, 
RZ? 
. Ta, a ery (24.18) 


A correlation of the theoretical expressions for the terms of 
alkaline elements (24.18) with the empirical formula (21.7) per- 
mits attributing to the terms of these elements definite values of 
the quantum numbers n and /; this is of great importance for the 
systematics of atomic states. pa 

AE 


Substituting A (24.17) into the expression for pu We find 
AE 
Ba A: 


Since by the conditions of the problem AE/Eun <1, from the 
obtained relation it follows that A<1/2n*, ie, A<1/8, 
1/18, 1/32, ..., respectively for n—2, 3, 4, ... Referring to 
Table 8 (p. 140), we see that for all the f-terms given and also 
for the d-terms of lithium and sodium and the p-term of lithium, 
the effective quantum number neg differs from the closest integer 
by not more than 0.04 (in the case of the p-term of lithium), 
which is in agreement with the foregoing values of the upper 
limit of A. For this reason, we may conclude, with a fair meas- 
ure of probability, that the mes numbers (rounded ofi to integers) 
ior these terms must be equal to the principal quantum numbers 
to which they correspond. Consequently, to the lower f-terms of 
all five elements characterised by the nef numbers 4.000, 3.999, 
3.993, 3.988, and 3.978 (see Table 8) we assign the principal 
quantum number n—4; to the d-terms oi lithium and sodium 
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(ne = 2.998 and 2.990) n— 3, and to the p-term of lithium 
(nei = 1.959) I2. 

As for the remaining terms given in Table 8, additional data 
are needed to find the principal quantum numbers that correspond 
to them. For instance, on the basis of n, — 2.117 we exclude 
n—-2 for the lower p-term of sodium and we can take n=3 as a 
probable value. The confirmation is as follows. Since, when 
n==3, the quantum number / assumes three values, / — 2, 1, and 0, 
one of which corresponds to term 3d, it is natural to assign the 
two others to the lower p- and s-terms, i.e., to identify them 
with the terms 3p and 3s. We thus obtain the terms 4f, 3d, 3p, 
and 3s as the lower terms of sodium. 

Having identified the lower p-term of lithium with the term 2p, 
due to the fact that when n—2 the number / takes on two 
values (1 and 0), it is natural to assign them to the terms p 
and s. Consequently, as lower terms of lithium we will have 4f, 
3d, 2p and 2s. 

Similarly, we get the terms 4s, 4p, 3d and 4f, etc., for the 
lower terms of potassium. A very important restflt here is that 
the values of the principal quantum number of the basic terms 
of alkaline elements, that is, the lower s-terms, coincide with 
the numbers of periods in the Periodic Table, the first elements 
of which are the alkaline elements 2 (Li), 3 (Na), 4 (K), 5 (Rb), 
6 (Cs). On the other hand, n— 1 corresponds to the ground state 
of the hydrogen atom that opens up the first period. From this 
we conclude that the electrons of the outer electron group must 
have the same value of the principal quantum number as the first 
element that opensup the given period. To illustrate, n= 1 for both 
electrons of helium also follows from the fact that the solution 
$i the problem of the He* ion yields n—1 for one electron and 
hat both electrons in He are equally firmly bound to the nucleus 
(equivalent electrons). Further, to the electrons of the outer 
electron group of elements of the second period (from Li to Ne) 
we must assign n=?2. This conclusion likewise stems from the 
approximate equivalence of these electrons. The outer electrons 
of the third period have n— 3, etc. This result receives theoreti- 
cal substantiation from the viewpoint of the general principles of 
quantum theory (see Sec. 26). 

The quantum defect A is very weakly dependent on the prin- 
cipal quantum number but strongly dependent on the quantum 
number /. This makes it easy to find the values of the latter for 
various terms. Table 9 gives the calculated and measured values 
of A for the lower terms of the alkaline elements. Due to the 
fact that the quantum defect diminishes radically with increasing 
quantum number / (see p. 181), the underlying computational assump- 
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tion is made that to the least values of A there corresponds the 
greatest | (possible for a given n). Whence, ior all f-terms 
(n—4) we obtain /—3, for the d-terms of. lithium and sodium 
|—9 (since n=8), for the p-terms of lithium /—1 (since n —2); 
[—0 must correspond to the s-terms. Thus, from an analysis of 
the experimental values of A on the basis of equation (24.17), 
we obtain the following relation of atomic terms and the quantum 
numbers / that describe them: 


Term sp ante 
l GALENS ee 

The foregoing theory of atoms (or ions) with one outer electron, 
assuming sufficient distance of the latter from the atomic core, 
may be considered sufficiently accurate only for small A. The 
limited applicability of the theory is most prominent when 
examining A for the various elements and various terms given in 
Table 9: it is seen that both in the horizontal rows and in the 
vertical columps there is a sharp discontinuity of A, which is 
out of all proportion to the variation of A in accordance with 
the formula (24.17). For example, when passing from the sodium 
term 3p to the 3d-term, A should diminish by a factor of roughly 
25, whereas in reality it decreases nearly 100 times; in the case 
of potassium, when passing from the 3d-term to 4f, A diminishes 
30 times instead of 7; when passing from the potassium term 
3d to the sodium term 3d, A diminishes 20 times instead of 5. 


Table 9 


Theoretical and experimental values of the quantum defect A =n — neg 
for the lower terms of alkaline elements* 


s P d f 
Elemen t 
Li 0.412 0.041 0.002 0.000 
= (0.034) (0.002) (0.000) 
Na 1,373 0.883 0.010 0.001 
25 (0.237) (0.010) (0.001) 
K 2.230 1.776 0.146 0.007 
= (1.150) (0.045) (0.007) 
Rb 3.195 2.711 1.233 0.012 
= (1.970) (0.084) (0.012) 
Cs 4.131 3.649 2.448 0.022 
— (3.440) (0.153) (0.023) 
* The brackets indicate Aigeor; in calculating them, the following values of 
polarisation coefficients of the ions of alkaline metals œ are taken (in units of 
10? cm’): 0.03 (Lit); 0.19 (Na+); 0.89 (K+); 1.50 (Rb*); 2.60 (Cs+). 
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From Table 9 it will be seen that the calculated and measured 
values of A practically coincide only for terms separated by the 
step-wise line from lower terms, which, as a rule, correspond to 
the elliptical Bohr orbits. 

As already stated (p. 157), the inapplicability of equation (24.17) 
in the case of large A is due to the existence of electron orbits 
that penetrate into the atomic core. Substituting n? —/(/ 4- 1) and 


nei into (22.24), which was derived on the basis of Bohr's 


theory and which takes into account the penetration of the outer 
electron into the atomic core, we get 


Ta 


uS I zu 1 
1 Van ey: 


Evaluations of the terms of sodium and also of the ions Mg* 
and Al** from equation (24.19), under certain assumptions con- 


(24.19) 
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Fig. 38. Optical. terms of H, Li, and Na 


cerning the structure of the intra-atomic electric field, which 
determines the magnitude of the effective charge Z;, yielded satis- 
factory agreement with experiment, particularly in the case of the 
s-terms. For the lower s-term of sodium (3s), A= 1.36, whereas 
. measurements yield A— 1.37. 

From (24.17) and (24.19) it follows that due to ny, «n the 
hydrogen terms must lie above the terms of the alkaline elements 
that are characterised by the same values of the principal quantum 
number. From these formulas it likewise follows that due to the 
decrease of A with increasing / for a given value of the number 
n, the s-term must lie below the p-term, the p-term below the 


mM 
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d-term, etc. What is more, the distances between the s-, p-, d-, ... 
terms must be less the greater n and the smaller œ, i.e., the 
lighter the element. All these regularities are seen in Fig. 38, 
where the experimentally obtained terms of the light alkaline 
elements lithium and sodium are correlated with corresponding 
terms of hydrogen; the ground levels of the ions Li*, Na*, and 
H* are made to coincide. We note that the lithium term ls and 
the sodium terms Is, 2s, and 2p, which are not given in Fig. 38, 
refer to terms exhibited’ in the X-ray spectra of these elements. 

The extremely weak splitting of the terms of the H atom, due 
to the fact that in this case n, differs very slightly from the 
principal quantum number n (cf. p. 152), could not be given in 
Fig. 38 on the required scale. 

Orbital and spin angular momenta. Due to the correspondence 
between the new azimuthal quantum number / and Bohr’s azimuthal 
quantum number n, (24.15), which determines the momentum 
(and also the magnetic moment) of a Bohr electron orbit 

p—hn,, 

one should expect that the orbital angular momentum of the 
electron in the atom will be characterised by the number /. 
Substituting into the previous formula Vi(-4-1) in place of np 
we get 

p—hyt( 4-1). (24.20) 
An exact quantum-mechanical calculation also leads to this for- 
mula. Without carrying out the computations, we shall show that 
(24.20) is valid in the following special case of the solution of 
the Schrédinger equation; this case will be of interest later on 
(in connection with the rotational energy of diatomic molecules). 

Considering a system of two opposite point charges revolving 

in circular orbits about a common centre of gravity, we must 

2 
(due to the constancy of r) put & and a equal to zero in the 
equation for the function R, whence it follows that 
B (14-1 
ape — C ED. 

Substituting into this equation A and B (p. 177), we rewrite it in 
the form 


h? ez 

E=7 (+97 
where z= mr is the moment of inertia of the system. Com- 
paring this expression with the expression E—K--V and noting 
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that V=—e*Z/r, for the kinetic energy we get 
h? 
K— r4 1). 
Substituting K in the form 


Trag Dip p? 
cse te 


and comparing this expression with the one derived above, we 
find 


p-—hyt( 4-1), 


ie., an expression that coincides with (24.20). 

Formula (24.20) for the orbital angular momentum is substan- 
tially different from the Bohr expression (22.6), approaching the 
latter only for large values of /(/L2»1), when the numbers / and 
n, practically coincide. But in the case of small values of /, the 
expressions (24.20) and (22.6) yield sharply divergent values of 
angular momenta p. To illustrate, when /—0, and, hence, when 
n=l (s-orbit), we obtain p=0 for the quantum-mechanical 
atom and p—h for the Bohr atom. 

The orbital magnetic moments computed for the Bohr and 
wave atoms differ just as significantly, because due to the propor- 
tionality between the magnetic moment and the angular momentum 
of the orbit, the orbital magnetic moment of the wave atom turns 


out proportional to the quantity VI (F1) and 
«=V (F i)a, (24.21) 
whereas, according to (22.34) in the Bohr theory u=n, up. 
As to the question of space quantisation of electron ‘orbits, it 


is to be expected, proceeding from the fact that the number of 
m, may assume the values (see (24.11)) 


m= EL E= 1), a10 


like the number m, in Bohr’s theory that takes on the values 
(see p. 165) 
mae Em --(n, Ie... 1, 0, 


and from the correspondence between the numbers / and n,, that 
space quantisation of orbital angular momentum in quantum 
mechanics will be determined by the number m, Indeed, the 
quantum-mechanical ealculation of the energy of an atom in a 
magnetic field leads to the expression 


AE— 5 $-Hm,—psHm,, (24.29) 
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from which, representing AE in the form pH cos (y, H), we find, 
for the projection of the magnetic moment on the field direction, 


w =p cos (y, H) —pam, (24.23) 


like a similar expression in the Bohr theory (22.40): 
A = HBM 


We further indicate that the number m, also determines the 
projection of the angular momentum of the orbit, i.e., 


p; —hm, (24.24) 


(ci. p'—hm, in the Bohr theory). 

We thus see that the projections of orbital angular momenta p 
and p in quantum mechanics are, like in the Bohr theory, inte- 
gral multiples of h and ps, respectively, whereas the dependence 
of the angular momenta on the quantum number is more complex 
than in the Bohr theory. 

It will readily be seen that the quantum-mechanical theory of 
the atom is devoid of those inner contradictions that emerged 
when considering the multiplet structure of atomic terms on the 
basis of the Bohr theory. Indeed, as follows from (24.21), the 
intra-atomic magnetic field (due to the motion of the electron) is 
present in all states oi the atom, with the exception of the 
s-stales, in which case the magnetic field is absent due to / —0. 
For this reason, in all states of the atom, excepting the s-states, 
we find space quantisation of spin ‘in the intra-atomic magnetic 
field that leads to multiplet (doublet) splitting of terms (see below, 
p. 207). In the s-states, space quantisation is naturally absent, and 
the s-terms are simple (single). 

In contrast to the Bohr theory, quantum mechanics also gives 
a correct quantitative interpretation of the behaviour. of atoms in 
an external magnetic field; this behaviour is seen in the Stern- 
Gerlach and Zeeman effects, and also in the behaviour of atoms 
in an electric field (Stark effect), where space quantisation is par- 
ticularly prominent. We UM already pointed out (p. 164) that in 
an inhomogeneous magnetic field a beam of hydrogen atoms, and 
also of atoms oi the other elements of this group, is split into 
two symmetrical beams of the same intensity (Stern-Gerlach 
effect). Comparing this picture of splitting with the formula 
w =p cosa it should be concluded that in the case of elements 
of the first group, i.e., of elements whose atoms have one outer 
electron and are in the s-state, p takes on two values that are 
equal in absolute magnitude. From the viewpoint of space quan- 
tisation of spin, this result is interpreted as follows. 
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iSince the orbital magnetic moment of a normal hydrogen atom 

is equal to zero, the magnetic moment manifested in the Stern- 
Gerlach effect must be attributed to the electron. Whence it 
follows that two possible orientations of the H atom in an | 
external magnetic field are due to space quantisation of spin. 
Introducing the quantum number s to characterise the angular 
momentum and magnetic moment of the electron (by analogy 
with the number /) and the number m, to characterise the various 
orientations of the latter in a magnetic field (similar to the 
number mj) on the assumption that between the numbers m, and 
s we have the same relation as between the numbers m, and / 
(see (24.11)), we get 


m,—--s, --(s— 1), ..., 


i.e, 2s--1 values of the quantum number m, and, consequently, 
2s+1 orientations of spin in a magnetic field. Since experiment 
gives only ¢wo orientations, it is obvious that 2s + 1 — 2, whence 
it follows that s=} and m,—-- 1. 

Representing the intrinsic angular momentum of the electron 
(spin) as p, and its projection as p; by means of formulas anal- 


ogous to (24.20) and (24.24), we find 
p= AV s GF], s—.;, (24.25) 
pj—hm, m,—-i. (24.96) 


Further, as has already been pointed out (p. 164), measuring the 
magnitudes of magnetic splitting of the beam of hydrogen atoms 
in the Stern-Gerlach experiment leads to the value oi magnetic 
moment of the H atom, i. e., to a value of the moment of the 
electron equal to one Bohr magneton. However, since these meas- 
urements do not yield the moment itself but its projection on 
the field direction, i.e., the quantity w., it is obvious that we 
must put h 


k= (24.27) 


e 
= 
Comparing the expressions’ for u, (24.27) and p; (24.26) and re- 
placing the ratio u//p; by the ratio p,/p, (due to both the angu- 
lar momentum and magnetic moment being parallel), we find 


bot, (24.28) 
s 
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‘We see that for an electron, unlike the electron cloud (orbit), 
the ratio of magnetic moment to angular momentum has an 
anomalous value: whereas for the orbit this ratio is 


for the electron it is expressed by a quantity /wice as great. 

Thus, the introduction of spin yields a fourth independent 
quantum number m, (in addition to the numbers n, /, and m,), 
which is necessary for a description of the optical and magnetic 
properties of atoms. The twofold orientation of spin observed 
in an external magnetic field and corresponding to two possible 
values of the quantum number m,, which may be called the 
magnetic spin number, also occurs in the internal magnetic 
field of the atom (due to the magnetic moment of the elec- 
tron cloud). Because of interaction of the latter with the 
spin, the atom obtains a certain additional energy (see Sec. 26) 
that diflers for different orientations of spin. As a result, 
each state of the atom characterised by the value [20 is split 
into two states (doublets). Such is the origin of the doublet 
structure of atomic terms, in particular the terms of the alkaline 
elements. 

Wave model of the atom. As has already been pointed out 
(p. 171), quantum mechanics does not enable one to determine the ' 
position of an electron in an atom, i.e., to indicate the shape 
of an electron orbit, the very concept of which in quantum 
mechanics is merely conventional. However, we can compute to 
any degree of accuracy, the probability of finding an electron at 
a given point in the atomic space, which permits constructing 
some sort of a physical model of a quantum-mechanical atom. 

Let us consider some quantum states of a hydrogen-like atom. 
The ground state of the atom in this case is the state correspond- 
ing to n— 1, and, hence, [—m,—0. An electron in this state 
belongs to the K-group (n— 1) and is an s-electron (/— 0). For 
n—2 we obtain the following four states: 1) [—m,—9, the 
corresponding term is the 2s-term .(L-group, Lj); 2) /=1, in the 
absence of an outer magnetic (or electric) field, a triply degener- 
ale 2p-term (L-group, Ly and Lg) in accordance with three 
possible values of the magnetic quantum number m,=0, +1. 
We will confine ourselves to these few states and omit computa- 
tional details of the respective wave functions, giving only the 
results (Table 10). 

In Table 10, s—(n/2)e=Z r[r,, where r-h'[me* is the 
radius of a one-quantum Bohr orbit of the H atom. The follow- 
ing is to be noted in connection with normalisation of the 
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Table I0 


The function p (normalised) for one- and two-quantum states 
of a hydrogen-like atom 


aum ies oed) | RO) | Eu" 
BHO 0 | Is, K 1 e- 9 es 

2550 0: '|25, E 1 2(9 — 2) e-** FS (2—s) eS? 
2|1]| 0 | 2p, Ly | cos 6ge ?/* Eri cos à 
2] 1,|-1]|2p, Lj | sind 6ge~ /* Y se ^9? sin get !* 


function wp. Earlier, when solving the Schrödinger equation for 
a hydrogen-like atom, we determined the functions R, 0, ® 
with an accuracy only to a certain constant factor. For this 
reason, the function wp likewise was computed with ar accuracy 
to this factor, which, however, may be unambiguously determined 
from the normalisation condition (23.7). It was in this way 
that the normalising factor (1/V/z) (Zir) in Table 10 was 
- obtained. 

A consideration of the wave function as dependent on the 
coordinates of the electron gives some idea of the distribution 
of the probability of finding an electron at a certain point of 
intra-atomic space. Thus, given a certain arbitrary direction 
that corresponds to definite values oi the angles 0 and q, we 
can study the distribution of probability along a radius vector 
drawn from the centre of the atom (nucleus); here, this proba- 
bility wili depend only on the factor IR]? ([8] zconst and 
* const). The appropriate probability distribution is depicted 
in Fig. 39, where the dimensions of the corresponding Bohr orbits 
are also indicated. For the unit of distance we take the radius 
of a one-quantum Bohr orbit r, (in the drawing, a, —r,). The 
Shaded areas correspond to fhe quantity D=4ar*|R}?, which 
determines the probability of finding an electron in the spherical 
layer 4nr'dr, equal to Ddr. We note that D is maximum at 
a distance equal to the mean radius of a Bohr orbit if in the 
expression for r (p. 179) n? is replaced by /(/+1). 

This fact indicates a certain similarity between the Bohr 
model of the atom with its discrete electron orbits and the wave 
model. However, the curves in Fig. 39 rather illustrate features 
of radical difference than features of similarity between the two 
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models. For one thing, these curves show that unlike an electron 
of the Bohr atom, an electron of the wave theory can be located 
at any point in intra-atomic space with a finite probability 
that becomes zero only at an infinitely large distance from the 
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Fig. 39. Probabilities of finding an electron in a quantum-mechanical 
atom (at a distance r from the nucleus) 


nucleus, Averaging, in time, of the position of an electron with 
respect to the nucleus in a single atom, or averaging the electron 
positions at a given instant of time in a large number of iden- 
tical atoms is what leads to the concept of the electron cloud. 
This concept yields a more correct picture of distribution of 
the electron charge in an atom than does the Bohr model. 

Of special interest is the study of probability distribution 
over angles 9 and q. It is readily seen that the probability is 
not dependent on the angle 9: indeed, |P P= b *—elmite-imi — 13 
Whence it follows that an electron cloud possesses axial 
symmetry. 

As for the distribution of probability over angle 9, by spec- 
ilying a definite distance from the nucleus r(| |*= const) we 
can find this distribution by computing the values |8|* for 
diflerent 9. The result of such computation is graphically depicted 
in Fig. 40, where we also have the corresponding orientation 
of the Bohr orbit under each drawing. These drawings were 
made according to the rules of constructing ordinary vector 
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diagrams: on the radius vectors drawn from the origin (nucleus) 
at appropriate angles 9 are plotted lengths proportional to the 
values of quantity |@|*, and the ends of these lengths are con- . 
nected by a continuous curve (circles and figure-8’s). 
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Fig. 40. Quantum-mechanical models of H atom in different quantum 
, states 


From Fig. 40 it will be seen that to the s-terms (/—=0) 
there corresponds a spherical symmetry of the electron cloud. 
It may be shown by simple calculations that superposition of 
probability distributions for all possible values of the magnetic 
number m, for constant values of the numbers / and n (equiva- 
lent electrons) leads to a total probability that is independent - 
of the angle 9: . 

m = +1 
> |9(9)| =const, : (24.29) 
1 


1 


i.e., also to spherical symmetry of the corresponding electron 
cloud (similar to the symmetry of the cloud of an s-electron). 

Let us demonstrate this for the particular case /— 1 (equiva- 
lent 2p-electrons), for which we already have the calculated 
values of the function Yp emat (Table 10). We shall find the follow- 
ing expressions for the quantity | Paora? (we omit the factor 


QV v) (Z/r,)"): 
; 1 


1 a 2 Tnt 
393€ cost Ò (m,—0) and gg s'e-*sin' 0 (m, — +1); 
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Fig. 41. The electron cloud of an atom (ion) with one electron in 
different quantum states of the atom (after White) 


by summing we obtain the quantity ae which is inde- 
pendent of the angle ®. 

Comparing the probability distribution in the case of p- 
and d-electrons with orientation oi the appropriate Bohr orbits 
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(Fig. 40), we see that the latter correspond only to maximum 
probability. Thus, in the case of p-electrons with m, =+ 1, 
maximum probability is found for the plane 0—/2 (perpen- 
dicular' to the z axis), i.e., for a plane in which the appro- 
priate Bohr orbits are located. However, as is seen from the 
figure, the electron probability has finite (different from zero) 
values also in the other planes. This circumstance alone shows 
how complicated is the motion of an electron (considered as 
a particle) in an atom and the inadequacy that follows therefrom 
of the classical concepts of coordinates and momenta for the 
description of this motion. However, by virtue of a certain 
correspondence between the quantum-mechanical and the Bohr 
models of the atom, which emerges from Fig. 39 and Fig. 40, 
present-day atomic theory makes successful use of these concepts 
and also of the Bohr theory as a whole, which has the advan- 
tage of pictorialness. 

The pictures of the electron cloud shown in Fig. 41 in 
different states of the hydrogen atom are an attempt to give 
a pictorial model of the wave atom. These pictures were obtained 
by White by photographing special rotating mechanical models 
performing motion in space in accordance with the distribution 
law of |sp[*. 


25. Two-Electron Atom (lon) 
Solution of the problem of an atom (ion) with two electrons 


by perturbation theory. The wave equation for an atom with 
many electrons may be written in the form 


EIE SEHR tee na 


Here, N is the number of electrons in the atom, E is the total 
energy of the atom, r, is the distance of the &th electron from 
the nucleus and 
i=N 
e 

M Z ILS Te 
where rą is the distance between the kth and ¿th electrons. 
Like the many-body problem in classical mechanics, equation 
(25.1) does not admit of an exact solution. Therefore, various 
kinds of approximate methods have to be used. 

One of the most fruitful and widely used approximate meth- 
ods is the method of perturbation theory. It is applied both in 
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classical (celestial, for instance) mechanics and in quantum 
mechanics. The principal difficulty in solving the many-body 
problem of classical mechanics (for example, the problem of 
a planetary system) and also the many-electron problem of 
quantum mechanics consists in the necessity to account for the 
interaction of the electrons (planets). In perturbation theory, 
this interaction is accounted ior in successive approximations. 
Disregarding this interaction completely we get a solution to 
a zero approximation. In solving the problem to a first approx- 
imation it is assumed that this interaction is slight and intro- 
duces only a small distortion (perturbation) into the result 
obtained for the zero approximation, and it is taken that the 
energy of perturbed motion, to this approximation, is equal to 
the sum of the energy of the unperturbed motion (zero approx- 
imation) and the mean energy of interaction (averaged over 
the unperturbed motion, see below). 

The simplest case of a many-electron system is the helium 
atom, the problem of which was a stumbling block for the 
classical (Bohr) theory of the atom. In quantum mechanics, this 
problem received an exhaustive solution by the method of 
perturbation theory (Heisenberg, 1926). 

The wave equation for the helium atom or for an ion with 
two electrons (Li*, Be**, B***, C**, etc.) has the form 


oup o, aap , Op, ap , Op y dp 
ox} n dy? ic oz FUE ax} 3l: oy; us [^ I5 


2n (£49242 _=)y=0 (25.2) 


Tn um 


obtained from (25.1) when N=2. Disregarding, in the zero 
approximation, the energy of mutual repulsion of the electrons 
e*/r,, we obtain a solution to equation (25.2) in the form of 
a product of two functions «5, (X,, Yo Zi) and Wa, (Xa Ya Zs)! 


p(X, Yo Zo X» Y» 2,) = p, (Xo Yu Z.) Pay (Xp Yn Z,) 
each of which is a solution of one of the equations of the form 


Op. Oy Q Op. | 2m ez N ake: 

oxi, | aye ur In (e. +) —0. k=l, 2, 
obtained by separation of the initial wave equation.- Thus, to 
a zero approximation, the problem of the two-electron atom 
reduces to the problem of an atom with one electron, the solu- 
tion of which leads to eigenfunctions determined by (24.2), 
(24.8), (24.10), and (24.12), and to the characteristic numbers 
E, — —2n*me'Z'[h*n* that express the energy of an atom in an 


n 
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appropriate quantum state. The total energy of a two-electron 
atom (ion), to a zero approximation, is obviously equal to the sum 


E TE E, de pu 


Passing to the first approximation, we first solve the problem 
of the ground state of the helium atom and the corresponding 
ions. According to perturbation theory, the mean energy of 
perturbation (the energy of the mütual repulsion of the electrons) 
is expressed by the integral 


fier = av 
AE-——— n, dv — dv, dv,, (25.3) 


which, upon normalisation of the function p, passes into the 
integral 
AE=J|yp = av. (25.3a) 
The 
The integral (25.3a) is taken over all possible positions of the 
electrons. The function p is the product of the wave func- 
tions for the ground state of a hydrogen-like atom p, = 


=r e-?* (unperturbed motion), i.e., 
V 


: p/A P 

In the variables = (3) Fas for an element of volume of six- 
. 1 " 

dimensional space in polar coordinates we obtain the expression 


dv— (3) gido, sin 0, dO, de, oido, sin 0,d9,dq,. 


Substituting the latter, together with the wave function w, into 
the expression for the energy of perturbation. AE, we get 


ARs eee. TRE c vido, sind, dð de;oido, sin 0,d0,dq,, 


900 


2r00 xan 


0 0 

where 0,,—= x) Ta Evaluation of the integral in this expression 
yields 20x*, whence it follows that AE — 207° (Ze*/2*za,) = 
75/4 (Ze*|2a,) —5/4 (2n*me'Z|h") —-— 95/4 (ZEy), 

where Ey is the energy of a normal H atom; in absolute magni- 
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tude it is equal to the energy of ionisation (13.60 eV). Thus, to 
a first approximation, for the total energy of a two-electron system 
we have i 


2x*me'*Z* 2z]meZ* , 5 2znie'Z : 5 
E= mee = (2z*—$Z) En. (25.4) 


The energy values of total, ionisation of a helium atom and 
of ions with two electrons calculated from this formula are given 
in Table 11 (third column), The second column gives the zero- 
approximation evaluation (E=2Z*En) and the fourth column, 
the measured values of ionisation energy. 


Table ll 


Calculated (to a zero approximation, —E,, to a first approximation, —E,) 
and measured (— Emeas) values of ionisation energy of the helium atom and 
of ions with two electrons (in eV). 


Ionisation E E 
energy 2177 “meas 
z Bo —E, SE | Been ADM 
meas 
Elements 


He 108.76 74.78 78.98 5.3 
Lit 244.71 193.73 198.04 2.2 
Bett 435.04 367.06 371.51 1.2 
B? 679.75 594.78 599.43 0.8 
Ch 978.84 876.88 881.83 0.6 


From the table it is seen that already in the first approximation 
the theory gives satisfactory agreement with experiment. By 
improving the methods of calculation it is possible to increase 
their accuracy appreciably. Thus, Hylleraas developed a varia- 
tional method of approximate solution of the Schrédinger equation 
and obtained practically total agreement of calculated values of 
the first ionisation potential of helium and of ions with two 
electrons and the measured values of this quantity, as may be 
seen from the following:* 


* In Hylleraas’ calculations, as also’ in a spectroscopic determination of 
the measured values of ionisation potentials (Imeas), such values of the 
Rydberg constant are taken that differ from the presently accepted and more 
precise values. For this reason, lr and Ineas, aS given here, differ from the 
more precise values of ionisation potential: 24.586 (He), 75.62 (Lit), 153.85 
(Be**), 259.30 (B*+), 391.99 V (C**). We note that on the calculations of 
Kinosita, the ionisation potential of helium is 24.586 V, which coincides. 
exactly with the measured value 24.5860 2- 0.0001 V. 
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He Li+ Bet+ B?* Ce 


lae — 24.46 — 75.96 — 153.13 — 958.09 390.12 
las — 24.47 75.28 — 153.10  258.12-0.2 389.9 0.4 


It may be added that Hylleraas subsequently also calculated 
(by his method) the energy of the ions H- and H;. The values, 
obtained from his evaluations, of the electron affinity of the H 
atom (0.71eV) and the heat of dissociation of the molecular ion 
Hf (2.72 eV) are in good agreement with the findings of other 
methods, 

Exchange degeneracy. Up till now we have considered cases 
when, to a zero approximation, the problem reduces to the 
solution of wave equations for a hydrogen-like atom in the ground 
state, i.e., cases of the ground state of a system with two 
electrons. Let us now solve the general problem when any states 
of the hydrogen-like atom are Possible, so that the wave function 
of the unperturbed problem (zero approximation) must be taken 
in the form given on p. 196. Denoting in abbreviated form all the 
coordinates of the first electron (Xo Yo z) by the number 1, 
and the coordinates of the second electron (x,, y,, z,) by 2, we 
rewrite the function « in the form 


P= ys (1) thn, (2). 


However, this solution is not the only one that corresponds to the 
given values of the principal quantum number n, and n, and, 
consequently, to the given value of energy of the atom (to the 
zero approximation under consideration). Indeed, in view of the 
fact that the electrons are indistinguishable, a solution is also 
possible when the first electron is in state n, and the second in 
state n,, i.e., a solution of the form 


p= thn, (2) Vs, (1). 


We thus have two states of the system tpn, (1) tpn, (2) and an, (2) pn, (1) 
with the same energy (a doubly degenerate state), This degeneracy, 
which is due to the indistinguishability of the electrons and to 
their interchangeability that follows therefrom (or the possibility 
of their exchange) is called exchange degeneracy. 

Due to exchange degeneracy, a more general solution of the 
problem is given by linear combinations of both preceding par- 
ticular solutions: either 


Ps = Pa, (1) Pa, (2) + pa, (2) Yn, (1) (25.5) 
or $ 


Pa = a, (1) thn, (2) — sa, (2) Wa, (1). (25.6) 
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The first of these solutions, ps, which does not change through 
an interchange of electrons (interchange of the numbers 1 and 2), 
is symmetrical, while the second, pa, which reverses its sign if 
the electrons are interchanged, is called antisymmetrical. 

When we take account of perturbation, i.e., the mutual 
repulsion of the electrons e*/r,,, exchange degeneracy disappears 
and to the eigenfunctions there now correspond different epergy 
values Es and Es: into. which the initial doubly degenerate level 
splits. 

m iGcmtining (25.5) and (25.6) and taking the square of the 
modulus of the combined function, we have 


Db = s (1) 5, 0) ts, (2) a, 2) + 
bapa, (2) tpn, (2) Pa, (1) sp, (1) + 219a, (1) apr, (2) pns (1) pa, (2). (25.7) 


Substituting (25.7) into the expression for the mean energy 
of perturbation (25.3) and noting that by virtue of the symmetry 
of the perturbing term e*/r,, relative to both electrons (1 and 2) 
ihe first two terms (25.7) yield the same result, we obtain 


bbs 0) TEI prs 9 1? o, OD BS, (2) Wg CO Wh, CD] dod, 
J i Ti : 


f f {1 nba 0) LEN Pra (D1? £ Wm (D Wh, (2) Prs (D 5,0] dodos 
(25.8) 
Expression (25.8) contains four integrals: two in the numera- 
tor and two in the denominator. Let us first consider the integrals 
in the numerator. The first one, which we shall designate by C, is. 


C= (Its (1) I! - Ia: 2) P dv, dv, (25.9) 


and has the following physical meaning. Since the quantity e | pn, (1) |* 
represents the charge density of the first electron (this quantity 
has the more exact meaning of “probability density"), while the 
quantity e|1pn,(2)/* is the charge density of the second electron, 
the integral C obviously expresses the energy of Coulomb inter- 
action of the electrons (on the condition that they are distin- 
guishable). For this reason, the integral C is called the Coulomb 
integral (usually when it is divided by e°). 
As to the second integral in the numerator (25.8), which we 
designate by A, 
2 
A= Wo, (097,0) wo, (2) v5, (D) dv dv, — (25.10) 
it does not have such a simple physical meaning. As follows 
from the foregoing, it arises from exchange degeneracy caused 
by the indistinguishability of the electrons, and cannot be 


AE 


200 QUANTUM-MECHANICAL THEORY OF ATOM [Ch. 4 


interpreted within the framework of classical theory. This inte- 
gral is called an exchange integral (also when it is divided by e°). 

However, it must be stressed that neither is the above 
“interpretation” of the C integral consistent. or, for this reason, 
exact, Indeed, as has already been pointed out, this integral may 
be regarded as expressing the energy of Coulomb repulsion of 
electrons only on the assumption of indistinguishability of the 
electrons, and this contradicts experiment. Whence it follows that 
the division into Coulomb (C) and exchange (A) atomic energy 
is arbitrary and is the result of an inexact interpretation of the 
physical meaning of the C integral. It may be added that the 
appearance of two integrals (C and A) in the expression for the 
mean perturbation energy of (25.3) is due to particularities in the 
method of perturbation theory applied to solving the two-electron 
problem. An exact physical meaning is retained only in the sum 
of integrals C+-A, which, according to (25.3), is equal to the 
mean value of Coulomb potential energy of mutual electron 
repulsion, since the denominator of expression (25.8) is equal to 
unity on the condition that the functions pn, and ipn, are normal- 
ised. Indeed, the first term of the denominator in this 


expression T | tpn, (1) |a, (2) |dv,dv, in accordance with the 
normalisation condition of wave functions f I tpn, (1) |? dv, = 
=f Iba, (2). |* dv, =1 equals Lu the second term, 
Vw. (1) spa, (2) Pn, (1) Yh, (2) dv, dv,, by virtue of the orthogonality 
ol the wave functions expressed by the equalities Pos, (1) a, (1) dv, = 


= J tn, (2) n, (2) dv, —0, is zero. Thus, for the perturbation 


energy we get 
AE —C-- A. (25.11) 


Due to indistinguishability of the electrons, the quantity |w[|' 
(25.7), which determines the electron probability (or density of 
the electron cloud), must be symmetric with respect to transposi- 
tion of electrons, i. e., it must not change sign in the process: 
|w(, 2) —|*(2, 1)f*. Whence it follows that the wave function 
itself may be both symmetric and antisymmetric: p(l, 2) — 
=+ (2, 1); this property is indeed satisfied by the wave func- 
tions (25.5) and (25.6). 

Spin function. Pauli principle. The function *p, which is 
a solution to the Schródinger equation, is, however, insufficient 
for a complete characteristic of the appropriate quantum state of 
the atom, since this requires that the electron spin also be taken 
into account. Introducing “spin coordinates” of the electrons in 
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addition to the coordinates x, y, z and assuming at least approx- 
imate separation of the variables in the total wave equation, 
which includes spin coordinates as well, we can represent the 
total wave function in the form 


w= yp (25.12) 


where S is the function of spin coordinates (spin function). 
Like the function p, the spin function possesses definite prop- 

erties of symmetry. Introducing the spin function a to describe 

the state of an electron corresponding to a positive value of spin 


projection (m, =+5) and the spin function to describe a state 


2 
the general solution of the spin part of the wave equation in 
the form of the following four functions: 
S=a (1) a (2), 
S=6 (1) B (2), 
S— o (1) B (2) +e (2) B (D, 
S=a (1) B (2) —« (2) p (1). 


The first three functions are, obviously, symmetric with respect 
io a transposition of electrons, the latter is antisymmetric. Let 
us designate the symmetric and antisymmetric spin functions by 
the symbols Ss and Sa, respectively. To the first three functions 
there correspond values of total projection m,—m, -- m, — -- 1 
and 0; to the last, the value 0. Whence it may be concluded 
that the first three functions refer to a triply degenerate state 
of an atom characterised by total spin S=1, the latter, to 
a state with total spin S=0. : 

In accordance with the symmetry of the functions p and S, 
the total wave function Y may be symmetric or antisymmetric. 
The functions Ws—sSs and Ws =paSa are obviously sym- 
metric, and the functions Ya =1p,Sa and Ya =%paSs are antisym- 
metric. However, not all of them correspond to real states of the 
atom; this is connected with the so-called Pauli principle (1925), 
which is one of the general principles underlying modern quantum 
statistics. According to the Pauli principle, an atom cannot have 
two or more electrons characterised by the same values of the 
four independent quantum numbers, for example, n, l, mp and m,. 
It will readily be seen that only antisymmetric wave functions 
satisfy this principle. Indeed, assuming two electrons with quantum 
numbers identical, transposition of these electrons will yield 
a state identical with the initial state, and, consequently, 
V, — V, For the antisymmetric function we have: ¥, = — VE 


with negative value of projection (m——4). we can represent 
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Obviously, both these conditions are satisfied only by a function 
that is identically equal to zero, which signifies the impossibility 
of this state (in which all quantum numbers of the two electrons 
are the same). Hence, the condition for satisfying the Pauli 
principle is the condition of antisymmetry of the total wave func- 
tion. Such is the quantum-mechanical formulation of the Pauli 
principle. 

When this principle is taken into account by total wave 
functions that correspond to actual states of a two-electron system 
(for example, a helium atom), there can only be total wave 
functions Va, —sSA and Wa=waSs. In the case of 


Unperlurbed Perlurbed 


Singlet 
SEM 
at let a Triplet 


Singlet 
2E, SUELEN, RENE 


a 


Fig. 42. Lower terms of He atom 


equivalent electrons, that is, electrons characterised by the same 
values of the quantum numbers n and / and with identical m, as 
well, the Pauli principle, in addition, excludes the state character- 
ised by the function Wa=aSs, since in this case m, = Mp 
which contradicts the principle. An obvious instance of identical 
n, /, and m, of both electrons is, for example, the ground state 
of the helium atom, to which there correspond minimum possible 
values of quantum numbers, i.e., n-n-l, /l1,—0 
and m,,==m,,==0. Since the orbital angular momenta of both 
electrons and the total spin angular momentum of the normal 
helium atom are zero, its total angular momentum is also zero 
and, hence, the statistical weight is unity. Let us also consider 
the case of n, — 1 and n,— 2. In this case, both antisymmetric states 
are possible: V4 —s$, and Wa —spaSs. The first one is a singlet 
(S—0) and has statistical weight 1, the second is a triplet (S= 1) 
and has statistical weight 3. Since to a singlet state there corre- 
sponds perturbation energy AE==C-+-A, and to a triplet, per- 
turbation energy AE—CC-— A, the triplet level will be situated 
below the singlet. From the loregoing we get a picture of the 
lower energy levels of the He atom as shown in Fig. 42. From 
this figure it follows that the ground level of the helium atom 
must be a singlet and the first excited level a triplet. This conclu- 
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sion has been experimentally corroborated not only in the case 
of the helium atom and the ions Lit, Be**, B***, etc., but also 
in the case of many-electron atoms or ions with two outer 
electrons (for instance, Mg, Zn, Cd, Hg, or Al*, Tl*, etc.). For 
one thing, all the foregoing atoms or ions are diamagnetic in the 
ground state, thus indicating that these states are singlet.* It may 
be added that the energy levels of the helium atom, calculated 
io a first approximation, coincide with the observed values 
to within 20-30%. For a first approximation, this agreement 
between calculated and measured energy values of the He atom 
should be considered quite satisfactory. 

Atom (ion) with large number of electrons. The method of 
perturbation theory, like the variational method of Hylleraas, 
which is successfully applied in the solution of the problem of an 
atom with a small number of electrons such as the helium atom 
and also certain other problems, encounters great difficulties when 
applied to many-electron systems, where it is very difficult to 
account for the perturbation energy. For this reason; other meth- 
ods of calculation must be resorted to when dealing with such 
systems, Here, statistical methods have proved particularly 
fruitful. 

One of these methods—the Thomas (1926)-Fermi (1928) 
method—proceeds from a statistical atomic model that presumes 
4 continuous distribution of electron density (in the atom), which 
is connected with the intra-atomic electric field by the Poisson 
equation. Substituting, into the latter, the electron density calculated 
on the basis of quantum statistics and the Pauli principle, we 
obtain the following differential equation for the field potential 
(Thomas-Fermi equation): 


vf, (25.13) 


where 
1 er 
e(X)—zr(—2X2) XT 


(r is the distance from the nucleus, p is a quantity proportional 
io the radius of a one-quantum Bohr orbit r,, x is the field potential 
at the distance r and y, is the potential in outer space, equal 
to Ze[r, where Z is the charge of the ion; in the case of a neutral 
atom y, —0). Integration of this equation under specific boundary 
conditions that correspond to the given problem is what under- 


* Accordingly, the magnelic moment of the He atom in the ground state 
is zero, unlike the magnetic moment of the triplet state, for which measure- 


ments yield 2jrp - 
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lies the solution of problems of atomic physics by the Thomias- 
Fermi statistical method. 

By way of illustration, it may be noted that on the basis 
of the statistical model of the atom, Fermi considered the ques- 
tion: beginning with what value of Z do the s-, p-, d-, ete., 
orbits in the ground state first make their appearance in the 
Periodic Table? In this case, the problem reduces to finding 
(by integration of the appropriate differential equation with the 
use of the function q, which is obtained by solving the Thomas- 
-Fermi equation) the values of the atomic number Z at which 
the number of electrons characterised by a given value of the 
quantum number / becomes equal to 1. In this way, in accordance 
with experiment, Fermi found that the value /— 1 (p-electrons) 
first appears at Z—5 (boron) /—2 (d-electrons), at Z—21 
(scandium), and not at Z— 19, i.e., immediately following argon, 
as might be expected in regular filling of the quantum states. 
In the same way, Fermi found that the f-orbits (/—3) first 
appear not in silver (Z— 47), as should be expected in the case 
of uniform filling of the orbits, but much later, at Z—55 
(caesium), whereas the true value is Z— 58 (cerium). 

Of the other applications of the Thomas-Fermi method, we 
note the calculation of the Rydberg corrections for s-terms carried 
out by Fermi and Amaldi on the basis of this method, calcula- 
tion of X-ray M-levels (Rasetti), etc. It should be noted that the 
Thomas-Fermi statistical model proved exceedingly convenient 
for describing the internal properties of electron clouds of atoms 
and quite unsuitable for describing the external properties, such 
as the diamagnetism of atoms. 

Whereas the Thomas-Fermi method does not require solution 
of the Schrédinger equation, the Hartree (1927)-Fok (1930) method 
(another statistical method) is based on this equation. In the 
latter method, the electric field of all electrons, except the field 
created by the selected electron, is replaced by a certain average 
time-constant field * which Hartree called a “self-consistent field”. 
To surmount the chief difficulty of the method (this has to do 
with isolating the field of the chosen electron), Fok ** developed 
a very effective procedure based on the exchange effect. Intro- 
duction of a “self-consistent field" permits solving the approximate 
Schródinger equation for this electron. One of the results of the solu- 
tion of the problem is the possibility of assigning to each selected 
electron definite quantum numbers n, /, and m,. In this way it is 


* We have already encountered substitution of an electron field by 
a certain average field in the problem of atoms of alkaline elements by the 
Born-Heisenberg method (see p. 156). 
s ** Later, Slater succeeded in greatly simplifying Fok’s equations. 
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possible to find the quantum numbers for all electrons of a complex 
atom, which is of great fundamental importance, for it permits 
extending the results.of systematics of eleciron states established for 
a one-electron atom to an atom with any number of electrons. 

Using this method, Hartree calculated a large number of 
atoms and ions; Rb*, Cl^, Cut, He, O, K, Gs,-Be, Ca, FF, Hg. 
In Sommerfeld's words: "Thanks to the many years of purposeful, 
intensive work of Hartree, the problem of integration oi Schród- 
inger's equation is practically solved even for heavy atoms (Hgl)". 

The Hartree-Fok method was also used to calculate the 
diamagnetic susceptibility for Ar and K* (the results closely 
coincided with experiment), for which purpose the Thomas-Fermi 
method, as we pointed out above, proved unsuitable. The 
Hartree-Fok method was likewise successfully applied in calculat- 
ing the probabilities of quantum transitions in atoms (see Sec. 28). 
It may be added that of late, due to improvements in computational 
methods, the number of calculated atoms and ions has increased 
considerably. 


y 


CHAPTER 5 
THE SPECTROSCOPY OF ATOMS 


26. Systematics of Atomic States 


Multiplet (fine) structure of atomic terms. Atom (ion) with one 
outer electron. The principal factor determining the atomic prop- 
erties which depend on the electronic structure of the atom is 
the electron configuration of the atom in the given state. By 
electron configuration is understood the distribution of electrons 
in quantum states characterised by the quantum numbers n and 
1. Due to the fact that for a given value of the principal quan- 
tum number n the number / can assume n values 0, DE cs, 
n— 1, we have the following double diversity of electron states 
(terms): 

Is, 425. 3s. 4s!" 55 
2p 3p 4p 5p 
3d 4d 5d 


To every state there corresponds a definite electron subgroup 
with a maximum number of electrons equal to 2(2/-- 1). This 
number is determined by the possible values (for a given /) of 
the quantum number m, and by the two values of the number 
m, with account taken of the limitations imposed by the Pauli 
principle. 

A definite contribution to the energy of the atomic state is 
made by the magnetic interaction of the orbital angular mo- 
menta and the intrinsic angular momenta of the electrons (sping). 
In an atom (or ion) with one electron, one has to take into 
account the interaction of orbital angular momentum and the 
spin of this single electron. Above (P TS7) Tt Ts Tnterpreted, for 
the sake of clarity, as-space quantisation of spin in an intra- 
atomic magnetic field. A more correct picture of the interaction 
of spin and orbital angular momentum is given in Fig. 43; ac- 
cording to this picture, the interaction consists in Space quan- 


ee 
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tisation of both angular momenta (vectors L and ings to 
the direction of the resultant angular míómentüm (vector j). 
Calculation of the absolute magnitude of the latter leads to 


the expression 
p=hV (4s) (f4s-1). (26.1) 


By introducing the quantum num- 
ber j (the total angular-momentum 
quantum number) to characterise 
the resultant angular momentum, 
we can represent expression (26.1) 
also in the form (ci. (24.20) and 


(24.25)) 
p—hViG-r D. (25:2) Fig. 43. Interaction of orbital an- 


From (26.1) and (26.2), it follows gular momentum 4 and spin s 
that 


jalas=ley. (26.3) 


Thus, for each state corresponding to a definite value of the 
quantum number / (with the exception of the state /—0), we 
obtain two values of the total angular- 

Table 12 momentum quantum number, j=l +4- 1/2 


Terms of atoms and ions and j=/—1/2, which may be used to 


with one outer electron describe the components of doublet 
described by means of total — splitting that arises from the interac 


angular-momentum quantum È 
number (j) tion of the vectors J and s. 


Table 12 gives the values, obtained 
from (26.3), of the total angular-mo- 
mentum quantum number for various 
terms (states) of a hydrogen-like atom 
or ion and also for the terms of an 
atom or ion with ‘one outer electron 
and with an atomic core having the 
structure of a noble gas.* Since, by 
virtue of /=0, there is no interaction 
of the vectors 4 and s in the case of s-states of the atom (ion), 
for these states we have j=s, i.e., one value of the number 
j(simple terms). In contrast, to all other terms in Table 12 
there correspond two values of the quantum number j. 


i In all these cases the concepts ol atomic and electron terms are iden- 
tical. i 
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Representing the orbital and spin angular momenta, and also 
the resultant angular momentum of the atom in the form of 
vectors (see Fig. 43), it is possible to conceive the atom in any 
quantum state as a certain vector model built up from the vec- 
tors |, s and the vector 

j=l+s. (26.4) 


In view of (26.3), to the geometric addition of vectors (26.4) 
there corresponds an algebraic addition of appropriate quantum 
numbers. This greatly simplifies the classification of atomic 
states by reducing it to a simple combinatorial analysis of num- 
bers. Since the problem of this classification is not to deter- 
mine the absolute values of the terms but to find the number 
of possible terms and to describe their properties, we can, by 
replacing the addition of vectors with the addition of corre- 
sponding quantum numbers, greatly simplify and render more 
vivid the vector model itself: Thus, considering conditionally 
that the vectors / and s are parallel and replacing the precise 
expressions of angular momenta 


P- AVIU, p,—hVs(s--1) and p=hVjiG+) 

by their approximate expressions 
p;—h.p,—hs.and p=hj 

(i.e., attributing to the vectors the maximum values of their 
projections), we may write the resultant angular momentum as 
an algebraic sum of ‘angular momenta p, and p, i. e., p—hj— 
=p,;tp,=h(/+s). The significant point here is that we thus 
obtain a correct relationship of quantum numbers j, /, and s; 
this is readily seen if in the preceding equality we cancel h. 

We may add that, like the projections of the orbital angular 
momentum (24.24) and the spin (24.26), the projection of the 
resultant angular momentum of the atom (on a certain direction 
z) is expressed by the formula 


p'—hm (26.5) 
where the magnetic quantum number m, having the same mean- 
ing as the earlier introduced magnetic orbital quantum number 


(m;) and magnetic spin quantum number (mj), in this case takes 
on the following values: 


m==j, j—1,j—2, ..., —(—2), —(—1), —j, (26.6) 
i.e., 2j-]-1 values. 
Fine structure of the terms oi an atom (ion) with two outer 


electrons. In passing to an atom with two outer electrons, we 
must take into account the interaction of four angular momen- 
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ta—two orbital, 4, and $, and two spin, s, and s,. It will be 
iound convenient to consider the following two cases: 1) when 
the predominant interaction is between vectors l, and l, and 
vectors s, and s,, and 2) when the predominant interaction is 
between vectors l; and s, (i— 1, 2). In the first of these cases, 
called Russell-Saunders coupling, the vector of the resultant or- 
bital angular momentum appears as a result of the interaction of 
vectors l, and 1: 
L—1;--1, 


and the vector of resultant spin as a result of the interaction of 
spins s, and s,: 
S=s,+s,. 


From the vector model (see above) we obtain the following val- 
ues of the appropriate quantum numbers: 


Lol, ls Hei d 2S Eh 06-2) 


(maximum value of L=/,-+1/, corresponds to parallel orienta- 
tion of the vectors /, and 
1, in the vector model; 
minimum L — Jl, —1, |, 
to their antiparallel ori- 
entation) and 


S=", i.e. 

S=1 and 0. (26.8) 
The mutual orientation 
of vectors J, and I, (for 
1,=2 and /,—3) and 


L bs 0-8 

L | f | t " 
i $ | 
1-1 


Fig. 44. Mutual orientation of orbital angular —Fig. 45. Mutual orienta» 
momenta in the vector model of an atom with tion spins in the vector 
two outer electrons * . model of an atom with 

two outer electrons 


4*2 


spins in the vector model of an atom with two outer electrons 
is given in Figs. 44 and 45, respectively. 


8 —3038 
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As a result of the interaction of vectors L and S (this inter- 
action is weaker than that of L,, l, and s,, s,), a vector of to- 
tal angular momentum of the atom appears: 


JL; (26.9) 


this vector is described by the quantum number J. By virtue 
of various possible mutual orientation ol the vectors L and S, 
this number takes on the following values: 


gera sp ers. (26.10) 


As will be readily seen, the number of diflerent values of J 
when LSS is 2S4 1 and when L «S, is 2L -- l. 

Taking into consideration the foregoing, we obtain a set of 
terms of an atom with two electrons as shown in Tables 13 and 
14. Since, in the case under consideration, the number S takes 
on two values, 1 and 0, we get two systems of terms here: a 
system of singlets (S—0, J=L) and a system of triplets (S— 1, 
J—L--1, L, L— 1). The quantum numbers that correspond to 
ihe terms of both systems are given in Tables 13 and 14. 


Table 13: Table 14 
Singlet terms of an atom Triplet terms of an atom 
with two electrons with two electrons 


Term Term | 1 | J 
ESI tL n |o HEC DUM 


Here, the term designations are different from those earlier 
used. The symbols s, p, d, ... , are used to denote the terms 
of individual electrons; these terms are characterised by definite 
values of the azimuthal quantum number /. In our case we have 
to do with the terms of an atom that are characterised by the 
quantum number L. To designate them we introduce the capital 
letters S, P, D, ... . Let it be noted that in the case of atoms 
of ions with one outer electron, the numbers L and / have the 
same meaning: the symbols S, P, D, ... and the symbols s, p, 
d, ... , obviously, also denote one and the same thing—terms 
of the outer electron, which are at the same time also terms 
9f the atom (ion). Naturally, the introduction of new symbols 
does mot exclude the earlier symbols because when dealing with 
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an atomic term we often have to take into account the states 
of the individual electrons; these states give an indication of 
the origin of the term. Thus, the D-term (L=2) of an atom 
with two electrons may be constructed from one s- ([,— 0) and 
one d-electron term (/,—2). However, a D-term (naturally, a 
diflerent one) may be obtained also from two p-electron terms. 
= F 

From this example it is clear that a fuller characterisation 
of a term requires the use of both symbols (upper-case and lower- 
case). Thus, designating the above-mentioned D-terms by the 
symbols sdD and ppD, or p'D, where the lower-case symbols 
indicate the corresponding electronic terms, we define more pre- 
cisely the origin of the atomic term. The only thing to add is. 
that usually when designating terms in this way, we also indi- 
cate the values of the principal quantum numbers of the elec- 
trons, for instance 1s3dD, 3s3dD, 2p3pD or (3p)'D. 

To distinguish atomic terms belonging to different multiplet 
systems, a left-hand superscript (see Tables 13 and 14) is used to 
indicate the multiplicity oi the system to which the given term 
belongs. We note that the multiplicity of the system is equal to 
2S--1, where S is the quantum number that determines the total 
spin of the atom. According to the foregoing, the multiplicity of 
a term coincides with the multiplicity of the system only when 
we have terms characterised by the number L=S. 

Finally, the right-hand subscript is generally meant to indi- 
cate the number J corresponding to the given term (or compo- 
nent of the term), for instance, (4s)* 8s,. In this specific case, the 
indication ol J is not essential since the term 'S, like all S-terms, 
is a simple term due to the fact that L—0 and J =S. However, 
in the case of a multiplet term, it is absolutely necessary to in- 
dicate the number J, the values of which are used to differenti- 
ate the different components of the term. Such are the terms ?P, 
*D, etc., given in Table 14 and represented by the symbols *P,, 
?P,, ?P,, *D,, *D,, *D, etc. In exactly the same way, the doublet 
P-terms of alkaline elements (L—/—1, J— 3/2, 1/2) are denot- 
ed by the symbols np*Ps2 and np'P;;, etc. It is sometimes nec- 
essary to indicate also the states of the electrons in the inner 
groups. For example, indicating the states of all Il electrons im 
the Na atom, we designate the principal term of the latter 
(n=3, L—/—0, J=S=1/2) as follows: (ls)? (2s)? (2p)' 3s "Siz. 

In the overwhelming majority of cases the character of the: 
atomic term is determined by the configuration (states) of the 
outer electrons. This occurs in all cases when the inner electrons. 
form closed subgroups and is due to both the orbital and spin 
angular momenta of the closed subgroups being equal to zero, 


8* 
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which is a necessary corollary of the Pauli principle. For 
one thing, this corollary is manifested in the diamagnetism of 
all ions whose electron shells consist of closed subgroups. It 
follows from the foregoing that the systematics of states of an 
atom (or ion) with one or two outer electrons is also applicable 
to an atom (ion) with any number of inner electrons, on the con- 
dition that the latter form closed subgroups. 

This type of interaction of electronic angular momenta (Rus- 
sell-Saunders coupling) is the most widespread. For this’ reason, 
the usual classification of atomic terms is based on the assump- 
tion of this type of interaction being predominant. In comparative- 
ly Tare cases, however, we observe other types of interaction of 
the angular momenta. To illustrate, in the case of heavy ele- 
ments, the second type of interaction—(j, j) coupling—irom 
among those indicated on p. 206 has been established. Predominant 
in this case is the interaction of the orbital and spin angular 
momenta of one and the same electron, as a result of which 
the vectors j,=t,1-s, (cf. (26.4) arise. Interaction of the 
vectors j, and j, (which is weaker than interaction of the vectors 
J, and sj leads, further, to the total angular momentum vector 


of the atom: 
=j +i: (26.11) 


characterised by the quantum number J. In the case of (j, j) cou- 
pling, the quantum numbers L and S, obviously, have no mean- 
ing; and the same goes for 


cation of atomic terms based 
on these numbers. 

Let us consider the case of 
atomic terms obtained from 
the electron configuration sp. 
; Since we have /,—0 and 
Oa E Monique ona terms /,—1, and, hence, =], 

sp configuration in Russell-Saunders and also S= 1 ve have 
Coupling (left) tight)” (jj) coupling the ae le Saat 
Saunders coupling: s and 

r « ; P,. For (j, j) coupling we 

pave j,—1/2 and j,=3/2 and 1/2. Due to the strong coupling 
etween angular momenta J, and s,, to the electron states charac. 
terised by the numbers j,=1/2 and j,=3/2 there correspond ex- 
tremely different energies. The comparatively weak interaction of 
the vectors j, and j, leads to splitting of each one of these levels 
into two components characterised, in the case of L—1/9: by 
the quantum numbers J—1 and 0 and, in the case of j, — 3/2, by 


the above-considered classifi- ` 


Sec. 26] SYSTEMATICS OF ATOMIC STATES 213 


the numbers J=2 and 1. The relative positions of the atomic 
terms corresponding to this electron configuration is given in 
Fig. 46, where the terms obtained in Russell-Saunders coupling 
are shown to the left, and those obtained in (j, j) coupling are 
shown to the right. Since the latter coupling is comparatively 
uncommon, we shall henceforward consider only atomic terms 
corresponding to Russell-Saunders coupling. 

Terms of atoms with any number of electrons. The systematics 
of atomic terms considered above in application to the case of 
an atom with two electrons may be readily extended to an atom 
with any number of outer electrons. In this general case, the or- 
bital angular momentum vector of the atom is 


L—5» (26.12) 
and the quantum number L that describes it is expressed by the 
formula 

L—Y3X4 D4—-1, X5—2 »-- (26.13) 


Similarly, for the quantum number that determines the total spin 
of the atom, we obtain $ 


S—ys, Ds —1) Xs-2,-.. (26.14) 


The total angular momentum vector of the atom J and the quan- 
tum number that determines it are expressed by the same for- 
mulas (26.9) and (26.10) in the general case of any number of 
electrons as in the case of two electrons. 

‘Atomic terms corresponding to different electron configurations 
(taking into account the Pauli principle) are given in Table 15 
and Table 16. The number of the corresponding terms is given 
in parentheses. We note a much smaller number of terms (due to 
the Pauli principle) in equivalent electrons (Table 16) as compared 
with the number of terms in nonequivalent electrons (Table 15). 

From the tables it is seen that, as a rule, to each electron 
configuration there corresponds several atomic terms. It has al- 
ready been pointed out that the problem of classification of atom- 
ic derms does not include a determination of the absolute val- 
ues of the terms and their relative positions. This problem is 
solved by computing the energy of the atom, i.e., by an ap- 
proximate solution of the appropriate wave equation, which en- 
tails great mathematical difficulties. Let us note that on the ba- 
sis of a solution to this problem it is possible, in specific cases, 
to establish general semi-empirical rules, by means of which it 
is sometimes possible to get a definite picture of the relative po- 
sitions of the atomic terms. For example, from a solution of the 
wave equation for a helium atom it was found (p. 202) that, given 
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Table 15 
Atomic terms in nonequivalent electrons (different n) 


Electron 
configuration Terms 


aS 3S 

1P, 3P 

"D, 3D 

1S, !P, 1D, !S, P, *D 

2B 2D) AFP aD, E 

1S, !P, D, IF, 1G, 'S, *P, D, *F, 'G 


*S (2), *P (2), *D (2), 4S, +P, +D 

2P (2), 2D (2), *F (2), *P, *D, *F 

2S (2), *P (6), 2D (4), *F (2), *S, *P (3), *D (2), ‘F 

3S (2), "P (4), *D (6), *F (4), *G (2). "S, *P (2), *D (3), *F (2), 4G 

*S(2), *P (4), *D (6), *F (6), 2G (6), *H (4), *1 2), +S, *P (2), 
*D (3), *F (3), *G (3). *H (2), 3I 


acuUDU Pe lana 


SoD eeeneecures 
=av a eD v 


Table 16 
Atomic terms in equivalent electrons (n and / are the same) 
m uM Terms 
s? 1 
pt IS, !D, !P 
p 2p 2D aS 
pt 1S; 1D, *p 
ps ipai; 
pe " 
d? 1S, 'D, 1G, *P, °F 
d? 2P, 2D (2), ?F, 2G, 2H, 4p, ip 
d 1S (2), "D (2), "P, 'G(2) "I, *P (2), 'D, *F (9), 'G, *H, *D 
d *S, *P, *D (3), *F (2), *G (9), *H, #1, *b, *D, *F, 4G, *S 


the same electron configuration, lowest energy corresponds to par- 
allel orientation of spins ($— 1). Extending this conclusion to 
other atoms, it may be concluded that of the entire set of terms 
belonging to a given electron configuration, the lowest terms wil 
be those that have the greatest multiplicity. This conclusion is 
corroborated by numerous examples. Thus, according to Table 16, 
the terms 'S, !D and ?p belong to configuration p* which is ob- 
served, for instance, in the case of the lower terms of C, Si, Ge, 
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Sn, and Pb. According to the preceding rule, the triplet term 
?D'should be lowest; this term is indeed the principal term of 
all the enumerated atoms (see Table 18). In exactly the same 
way, the principal term of atoms N, P, As, Sb, and Bi is the 
term 'S (see Table 18), which has the greatest multiplicity of 
all terms belonging to the configuration p*(*P, *D, and 'S). 

Natural multiplets. Up till now, when considering the problem 
of the number of components of multiplet (fine) splitting of atom- 
ic terms, we left open the question of the magnitude of this 
splitting (called natural splitting in contrast to artificial splitting 
of terms in a magnetic or electric field). Turning to this latter 
problem, we will consider the simplest case of doublet splitting 
of the terms of an atom (ion) with one outer electron. 

As has already been pointed out (p. 207), multiplet splitting ol 
atomic terms results from magnetic interaction of the vectors / 
and s in the atom. For this reason, solution of the problem of 
the magnitude of doublet splitting reduces to calculating the 
energy of interaction of these vectors. Below we give a solution 
to this problem for an atom with one electron and nuclear 
charge Z. 

According to classical electrolynamics, an electron moving 
with velocity v in an electric field of intensity ©, is acted upon 
by a magnetic field of intensity 


=} [€v], 


where the brackets denote the vector product of vectors © and 
v. In coordinates fixed in the moving electron, the vector © will be 


=F r. 


Noting that the angular momentum of the electron is 
1—m [r-v] 


(the mass of the nucleus is taken to be infinitely large as com- 
pared with the electron mass), we will have, for the vector of 
the magnetic field, 
eZ 
b= nor! 

If the vector of the magnetic moment proper of the electron is 
Ha ee its energy in the magnetic field $ may be written in 
he form: 


1 eZ 1 
AE=— 5 (M) =+ one 9D: 


216 SPECTROSCOPY OF ATOMS [Ch. 8 


Here, the factor 1/2 appears when passing to coordinates fixed 
in the nucleus. The parentheses denote the scalar product of the 


vectors. Calculating the quantity 35 we find 

TR lat 2 

po] te Yh Vee ERE 
Further, replacing the magnetic moment of the electron by its 
spin, on the basis of formula (24.28) we obtain (y, and,s have 


opposite signs due to the fact that the electron charge is nega- 
tive; here, yg, is expressed in the CGSM system): D 


= e 
HF nome 


Consequently, the product (ut, -/) is rewritten in the form 


(ps 1) —— 6D, 
where 
(8-1) —|s||/]cos (s, 0); 


[i] and |s| are the absolute values of the vectors £ and s, which, 
aceording to (24.20) and (24.25), are 


|] —h VIFT) and |s| ^h Vs F1). 


Substituting the expressions obtained for I and (s ./) into the 


formula for the interaction energy of the vectors J and s and 
introducing the Rydberg constant 


2 4 
R= me 


h® 


and the fine-structure constant 


we transform this formula to 


L2 Re Zi 
AE-— ^u WI! |I5leos (E s). 


The cosine of the angle between vectors J and s may be found 
by using the classical rule of the parallelogram, from which it 


follows that 
HP— HE ISI 21s]cos (f, s), 
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or 
|L||s| cos (t, 9) HEED-HUED TS 6g, 
Using this expression, we finally obtain f 
ian hRa®Z* jiG+)—l0 +) -s6 +) 
AE —— sui 1) OED 2 derunt 
Since the total angular-momentum quantum number j has two 
values, j=/-+'/, and j=/—’), (26.3), for term-energy changes 
due to interaction of £ and s in these two cases, we obtain 


CUR EA Ra?Z* i 1 
ATE = mF WHD for Jha "d | (26.16) 


Ro?Z* 


ATis = acsr (1 F id for j=l—'}s. 


Comparing (26.16) and (22.14) we see that in the latter for- 
mula the relativistic correction, which we rewrite in the form 
(cf. p. 184). . 


Rez / 1 3 
AT, =a (atic) PET 


has the same order of magnitude as AT. Therefore, when de- 
termining the splitting of terms one must also take into account 
the relativistic correction. Combining (26.16) and (26.17), we 
get . 


rs Rez. 3 : 

AT*—ATA RAT, (raa) for j=1+ l» \ os 18) 
1 3 : 
pov ag) det hails 


Taking into account the relation j=! x '[,, formulas (26.18) 
may be given as a single formula: 
£i __ RatZ* 1 D i 
ATE = AT, = "4" (=a B) (26.19) 
From (26.18) we get, for the doublet splitting of the term of an 
atom (ion) with one electron, 


= Ro?Z* 
AT=AT SAEED $ (26.20) 


Verification of (26.19) and (26.20) in the case of the hydrogen 
spectrum and also the spectrum of ionised helium Het (Z*= 16) 
gives good agreement between theory and experiment. A 

An approximate theoretical expression may also be obtained 
for the magnitude of splitting of the terms of atoms of the alkaline 
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elements and of ions with one outer electron. Taking advantage 
of Bohr concepts concerning penetrating orbits and considering 
the motion of an outer (optical) electron in an atom as motion 
in two ellipses—inner and outer (see p. 158), for each of these el- 
lipses we can compute the mean value of Z/r! that enters into 
the expression for the interaction energy of the vectors L and s. 
Substituting the product L(L4-*]1)) (4-1) in place of ng (cf. the 


formula for a given on p. 216), we get 


(&), Corg Tm C41) 
1m l(i la) 


le em 
Psa nni 3-15) 04-1) 


where Z, is the effective charge acting on an electron inside the 
"atomic core, Z, is the charge acting on an electron in the outer 
part of the orbit (which for a neutral atom may be put equal 
lo unity, for a single charged ion, to 2, etc.), n, and n, — n, 
are the principal quantum numbers corresponding to both orbits 
(cf. p. 158). Denoting the periods of revolution of the electron in 
these orbits by t, and T, respectively, we find the mean value 


of Z/r* in the form d NT $ 


r Tit Ta 
Substituting into the formula t= 2amab/p (p. 162), b—a (n, / n), 
p—hn,, and a—r,n'/Z, we obtain t= (2zmri/Z*) n? and, conse- 
quently, 
3 3 
t, — 2amri Zi and c,—2amr 25, 
zi z 


whence we find 
ZLATA 1 
my EY) EST 


a 


or, approximately, since Zi 
Z zz 
B 


EE TITTEN 


Sec. 26] SYSTEMATICS OF ATOMIC STATES 219 


Using this formula and 


(6-4) =|! Is |cos d, =n ESP Ist 
for the interaction energy of vectors | and s (see p. 216) 


MZ 
AE, =— ga (#) (s-F) 
we get 


AE}, = 


hRazizi — j--0)—10-- 1561) 
nig LUHY) UHD 2 : 
Substituting j=l, into this formula and passing to AT, 
we find 
Ro'Zi Zi (Eanes 
ATE = = — 26.21 
mea T(E Es) —? ee, 
From this equation, for the magnitude of doublet splitting of 
terms of an atom or ion with one outer electron AT —AT* — AT", 
we obtain (omitting the subscript /s) 
(0 REZIZ 
ond LED) 
This expression is called the Landé formula. 
Since the efective charge Z; in the Landé formula is not very 
amenable to theoretical determination, it is usually considered 
a certain empirical parameter. For this reason, in addition to 
(26.22), frequent use is made of an equivalent formula: 
Ro Ze " 
mig3nD' 


AT (26.22) 


NT = (26.23) 


which may be obtained directly irom (26.20) by replacing the 
nuclear charge Z by some efective charge Za =Z—z (cf. p. 141) 
and in which the quantity z plays the role of the empirical pa- 
rameter. 

A comparison of equations (26.22) and (26.23) with extensive 
experimental material on the width of the doublets of alkaline 
elements and ions isoelectronic to them yields satisfactory agree- 
ment of theory and experiment. From these equations it follows 
that the magnitude of doublet splitting AT is determined by the 
values of Z, n, and /. As for AT as a function of Z, since the 
"screening constant" z varies with Z rather slowly (for example, 
from a comparison of the splittings of the 2p-term of lithium 
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and the 3p-term of sodium it follows that when passing from Li 
to Na z increases from 2.0 to 7.5, i. e., by 5.5 units, whereas 
Z increases by 11—3—=8 units), theory predicts rapid growth 
of the magnitude of doublet splitting with the atomic number. 
This emerges from a consideration of the data in Table 17, 
which gives the experimental values of the magnitude of split- 
ting of lower *P-terms (AT =*Ps,, —*P,),) of the alkaline elements. 
The table also gives the appropriate values of Z. 


Table 17 
Doublet splitting of lower *P-terms of the atoms of alkaline elements 
Element | Li | Na | K Rb | Cs 
AT, em™ — | 034 | 17.106 | 57.72 | 237.60 l 554.0 
Z HE | ul | 19 | 37 | 55 


Experimental data referring to the multiplet structure of atom- 
ic spectra show that the magnitude of natural splitting of terms 
of all elements is found to be very dependent upon the atomic 
number. This relationship is similar to that observed in the case 
of alkaline metals. These findings strongly suggest that the mul- 
tiplet splitting of the terms of all elements, as regards dependence 
on the atomic number of the element, satisfies a regularity 
similar to (26.22) or (26.23). 

Returning to the doublet terms of alkaline elements and the 
ions corresponding to them, we may further show that the de- 
pendence, which follows from (26.22) and (26.23), of the magni- 
tude of doublet splitting on the quantum numbers n and / (or Nes) 
is in satisfactory agreement with experiment. We note a sharp 
fall in AT with increasing principal quantum number, particularly 
for small n,* and a still greater decrease with increase of the 
number /, i. e., when passing from p- to d-, f-, ... terms (for 
constant n).** 

Another essential thing to point out is the following. As 
will be seen directly from (26.21), the terms that correspond 
lo the value of the total angular-momentum quantum number 
j=/+-"/, should lie above the terms with j—/— "/,. This order 
of terms is actually observed in the case of all double P-terms 
of alkaline elements for any values of the principal quantum 


* To take an example, the doublet splitting of sodium terms 3p, 4p, 5p, 
6p, 7p, 8p, ... is 17.20, 5.63, 2.52, 1.25, 0.74, 0.47, ... cm"! or of rubidium 
r» 237.60, 77.50, 35.09, ... cm-1. 
** Thus the doublet splitting of rubidium terms 5p and 5d is 237.60 and 
2.96 cm^!, of the 6p and 6d terms of caesium, 554.0 and 42.8 cm 7!, 
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number n. However, other terms frequently exhibit the reverse 
when a component with a smaller value of j is situated above a 
component with greater j. Such, for instance, are the f-terms of 
the alkaline elements. Cases are observed when the difference 


sign Tj, — Tj is reversed as n increases. For example, for 
the d-terms of rubidium 4d, 5d, 6d, ... this difference is expressed 
by the following numbers: — 0.44, 2.96, 2.26, ... cm. 


Similar cases, when the sign of this difference is not consistent 
with (26.21), have likewise been established for ions with a single 


A theoretical investigation of this inconsistency shows that it 
is due to interaction of electrons not accounted for in the theories 
in which this interaction is replaced by the action of a certain 
average electric field. We may add that as a result of considering 
the terms of atoms containing diferent quantities of outer elec- 
trons it was established that in those cases when the number of 
equivalent electrons in a given subgroup (1) does not exceed one 
hali of the maximum number for this subgroup, i.e., is less than 
or equal to 2/3-1 (see Sec. 27), in the ground state of the atom 
the component of the multiplet term with greatest J — (L -+ S) 
lies above the component with J =| L—S|. These terms are ca led 
regular, in contrast to irregular, Or inverted terms, in which 
case J=L-+S corresponds to the lower-lying component.* For 
example, considering the p:subgroup, the maximum number of 
electrons of which is 2(25»£14-1)—6, we must conclude that 


1, 2, or 3, i. e., elements in the third, fourth, and fifth groups 
of the Mendeleyev Table, should, have regular multiplets in their 
ground state, whereas elements with the number of p-electrons, 
4, 5, or 6 should have irregular multiplets. As an illustration of 
this rule we give below the terms of the elements of the second 
and third periods of the Periodic Table that correspond to their 
ground state: 

Li, Na Be, Mg B, Al G Sie NUP ONIE Cl Ne, Ar 

3S), IS, "Pi; ap NASP *Py, Sd 

Hyperfine structure oi terms. We shall now take up briefly the 
question of the so-called hyperfine structure of spectral terms, 
which is very important for the general theory of the atom, in 
particular for nuclear physics. Study of the structure of atomic 
spectra by means of high-resolution instruments (diffraction grat- 
ings, interference spectrographs) shows that most spectral lines, 

* Irregular terms are often designated by the subscript i; for example, 
3P; ?P,, etc. 
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which according to the systematics of atomic terms (based on 
account taken of the interaction of vectors l; and sj) should be 
simple, in reality consist of a certain number of closely spaced 
components, For instance, the line of bismuth 4.4122 A was found 
to consist of four Components with a separation between extreme 
components 0.44 A (2.60 cm~’), the line of thallium 43775 A 
consists of three components, the separation between components 
being 0.16 A (1.15 cm~'), etc. Since this hyperfine structure of 
spectral lines is also observed in elements having one isotope (for 
instance, bismuth), it cannot be explained by the isotopic effect 
(see p. 136). What is more, by calculating the magnitude of isotope 
shift from the formula 


mAM 
M1 (26.24) 


(m is the electron mass, M the mean mass, and AM the mass 
difference of the isotopes) obtained from the relation (for heavy 
elements) 


AM R,—R, 

Kb A RI 
(R, and R, are the Rydberg constants for both isotopes) — for 
instance, for isotope splitting of the above-given line of thallium, 
which has two isotopes with atomic weights 203 and 905 — we 
get A4— 0.0001 A. This is considerably less than that of the 
Observed hyperfine splitting AN=0.16 A. 

Pauli (1924) proposed seeking an explanation of hyperfine struc- 

ture in a certain asymmetry in the nucleus. If it is taken that 
the nucleus has a certain angular momentum (and a magnetic 


earlier considered (p. 215 et seq.) Spin-orbit coupling of the elec- 
tron, this interaction may be expressed in terms oi the interaction 
of the vectors i and J, where i is a vector corresponding to the 
nuclear angular momentum (spin). In this case, the total angular- 
momentum vector of the atom F is obtained as a geometric sum 
of the vectors i and J, 


F=i+J, (26.25) 


and, consequently, the quantum number (corresponding to it) as 
one of the values 


S E) (26.26) 


. Whence, for the number of components of hyperfine structure 
of a term characterised by the total angular-momentum quantum 
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number J, we obtain 2J-|-1 for iJ and 2i-+1 for Le B 
determining, from an analysis of the hyperfine structure, the 
number of sublevels into which a simple level is split, it is very 
often possible to establish uniquely the magnitude of the nuclear 
angular momentum, particularly if the relative intensities of the 
components of the hyperfine structure of the spectral lines have 
also been measured. 

By way of illustration let us take the D-line of sodium. From 
the fact that each of the components of this doublet (3p*P., — 
— 3s'S,, and 3p*P», — 3s'S,) is split into two components, it may 
be concluded that the hyperfine structure of these lines is inde- 
pendent of splitting of the term *Py,, v, (due to the weakness of 
this splitting) and is determined by the splitting of the *S-term. 
Whence, for the number i we have i>‘/,. The unknown value 
of i is found from a comparison of the measured ratio of inten- 
sities of both components of hyperfine structure with the calculated 
ratio, which is equal to the ratio of statistical weights of the 
splitting components of the term *S (QF, -+ 1):(2F_+- 1), where 
F,=i--'/, and F_=i—’/,. This comparison yields i=*/,. 

We note that the numbers i for the stable isotopes of lithium 
Li® and Li? are equal to 1 and */, respectively, for both stable 
isotopes of potassium, K*' and K*', i='*/,, for Rb" i=*/,, and 
for Cs! j==7/,. We thus see that the nuclear spin of the stable 
isotopes of the alkaline elements is a quantity of the order of h, 
and for isotopes with even mass numbers (Li? i is integral, in 
contrast to isotopes with odd mass numbers. For the three iso- 
topes of hydrogen H', D*, and T’, number i has the values */,, 1, 
and '|, respectively. We note that from this we may draw the 
conclusion that the spins of the proton and neutron are identical. 

If the spin angular momentum of the nucleus is obtained from 
the number of components of hyperfine splitting of terms, then 
from the magnitude of the splitting (if the number i is known) 
we can determine the magnetic moment of the nucleus. In the 
same way as we calculate the energy of the magnetic interaction 
of orbital and spin angular momenta, which interaction gives 
rise to the fine (multiplet) structure of atomic terms (see. p. 215 et 
seq.), we can also calculate the interaction of the magnetic mo- 
ment of the electron cloud of the atom (characterised by quantum 
number J) with the magnetic moment of the nucleus (this moment 
is characterised by the number i).* In this case, in place of the 


* We note that for a quadrupole electric moment of the nucleus different 
from zero, the expression for interaction energy of vectors J and i, besides 
the term with cos (J, i), which is analogous to cos (4, s) in AE;s, will involve 
a term with cos? (J, i). 
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Bohr magneton m=i (22.35) the formulas for hyperfine split- 
ting of terms will involve a quantity 1836 times less, 


ħ e 
- ——— 26.27 
Bom M, ( ) 


(M, is the proton mass), called the nuclear magneton. Just as the 
ratio of the magnetic moment of an electron to its intrinsic an- 


gular momentum (spin) is not equal to ha established for the 


ratio of orbital angular momenta, but should be replaced by the 
quantity Elo (see p. 253), and the factor g (called the gyromag- 
netic factor) is in this case equal to 2, the ratio of the magnetic 
moment of the nucleus to the spin is expressed by the formula 


Mac gl e 
Pnuc 8 2 My à 


Substituting pu, —h Vi (i 4-1) into this formula and taking into 
account (26.27), we get 1 


Mnuc = £p, Vid). (26.28) 


Intrinsic angular momenta are usually described not by the abso- 
lute values of the angular momenta themselves but by the quantum 
numbers that correspond to them. In other words, on the basis 
of the simplified vector model, the magnitude of the angular mo- 
mentum is replaced by its maximum projection as expressed in 
units of h. Applying this procedure to describe the magnetic mo- 
ment of the nucleus, we obtain, in place of (26.28), 


Vauc = gyi. (26.29) 


Measurements of the magnetic moments of nuclei yield unuc of 
ihe order of the nuclear magneton. For example, the stable iso- 


ments (expressed in units of 14,):0.8213 (Li*), 3.9539 (Li*), 2.215 
(Na*), 0.391 (K), 0.217 (K"), 1.340 (Rb"), and 2.579 (Cs'**) 
And since the nuclear magneton p, is 1836 times less than the 


that of multiplet splitting. This conclusion is in good agreement 
with experiment. 

We also give the values of the magnetic moments (again in 
units of u,) for the isotopes of hydrogen: H' (2.7935), D* (0.8574), 
and T* (2.9791), Comparing the magnetic moments of H" and D? 
with their spins equal to '[, (H') and 1 (D°), we must conclude 
ihat the neutron also has a magnetic moment, but that this mo- 


| 
| 
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ment is negative. Approximately assuming the spins of the pro- 
ion and neutron in a deuterium nucleus to be parallel, we find, 
for the magnetic moment of the neutron: 0.8574 — 2.7935 — —1 .9361. 
The direcily measured magnetic moment of the neutron has a 
close value: — 1.910 + 0.001. We note that a negative magnetic , 
moment, which is indicative oi opposite directions of spin and 
magnetic moment, i. €., that g< O0, is observed in the cases of 
He? (— 2.131), Be* (— 1.1747), Àg” (— 0.086), Ag'"* (— 0.159), 


hyperfine structure of atomic terms, wide use has been made of 
the magneto-resonance method developed by Rabi and coworkers 
(1939) and applied in its original or modified form for measuring 
nuclear spin and the nuclear magnetic moment. The underlying 
idea of this method, called the Rabi method, proceeds from the 
‘possibility of varying the orientation of an atomic magnet in a 
magnetic field (in the sense of space quantisation), i. e., from 
the possibility of accomplishing the quantum transition m—m' 
by acting upon an atom with long-wave electromagnetic radiation 
or an oscillating magnetic field; the probability of the process 
m m' has a maximum value when the frequency of the elec- 
tromagnetic field coincides with that of the Larmor precession of 


v= HÝ (26.30) 


(M is the mass of the elementary magnet, is the magnetic-field 
intensity). Determining the resonance frequency from experiment, 
we obtain the magnitude of the gyromagnetic factor g*; and from 


27. Genesis of the Periodic System of Elements: 


The fact that to each electron in an atom we can assign four 
independent quantum numbers, for example, the numbers n, l, m, 
and m,** (while taking into consideration the limitations imposed 


* For various nuclei, the values oí the gyromagnetic factor lle between 
a magnitude of the order oi 0.1 and several units. 


** [n place of the numbers my and m, we can also take the numbers 
T 


je x5) and m=(j j— b ee TIT 1, —j)- 
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by the Pauli principle) yields a rigorously logical theoretical sub- 
stantiation of the existence of closed electron groups in the 
extra-nuclear structure of the atom. These two principles of the 
quantum theory of the atom (quantisation of electron states and 
the Pauli principle) together with a third rule, according to which 
the ground state of every atom is the state of least energy, provide 
physical proof of the periodic system of elements. The above-men- 
tioned quantum numbers can have the following values: n=l, 
Ueto =O E n E m,=-+/+(/—1),...,0 and 
m,—--*/,, whenge it follows that the maximum number of elec- 
trons that differ by at least one of the four quantum numbers 
(Pauli principle) for agiven value of the principal quantum number is 
t=n-1 


2 Y Qi-r-1)-—2w. (27.1) 
1-0 


Thus, in complete agreement with experiment (cf. p. 132) we have 
2n* for the maximum number of electrons in the n-quantum elec- 
tron group. These electrons are distributed among n subgroups 
with maximum number of electrons in each subgroup equal to 
2(21 -- 1). 

In state n— 1 we get two s-electrons ([—0), which form the 
two-electron K-group of the atom. The K-group cannot accommodate 
more than two electrons and is a closed electron group that is 
completed for the first time in the helium atom and does not 
change from then on anywhere in the Periodic Table. Passing to 
the group of electrons that are characterised by n=2 we note 
that, here, in addition to s-electrons ([—0) there can also be 
p-electrons (/|— 1). Namely, we have 2 (2 X 0-1- 1) —2 s-electrons 
and 2(25 1 - 1) —6 p-electrons. In this way we get an eight- 
electron L-group consisting of two subgroups: 2s and 2p. Like 
the K-group, this group, upon completion in neon, remains closed 
lo the end of the Periodic Table. The energy levels that corre- 
spond to these groups and subgroups and those that follow them 
are shown in Fig. 47, where the maximum number of electrons 
in each group (2n* —2, 8, 18, etc.) and the corresponding values 
of the principal quantum numbers are shown at the left and the 
values of the azimuthal quantum numbers are given at the bot- 
lom. The maximum number of elecirons on a given level is shown 
at the right, 

The L-group is followed by the M-group (n—3). Here we 
have 2 s-electrons, 6 p-electrons, and 2(2-2-1- 1) — 10. d-electrons 
faling into three subgroups: 3s, 3p, and 3d. Éxperiment shows 
that the maximum number of electrons (18) for the M-group is 
found only in the heavier elements beginning with copper, Z — 29. 
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But in the case of the three light elements Ar, K, and Ca, even 
the incomplete eight-electron M-group exhibits the properties of 
a closed group. This is suggested by the chemical and physical 
properties of the atom Ar and the ions K* and Ca**. 

This and similar facts are explained as follows. When passing 
from an element with atomic number Z to the following heavier 
element with number Z-+1, i. e., when increasing the nuclear 
charge by unity, the (Z+ 1)th electron occupies a level to which 
there corresponds the least possible energy (we are speaking about 
the ground states of the atoms). From the filling sequence (ob- 
served in experiment) of the electron levels of the first twenty 


n 
EP 
—— 
A —— 
43 j ; 
A oe 


170 Z1 2 127 
3 A a 4 


Fig. 47. Electron-shell structure of atoms (schematic) 
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elements (ending with Ca) it follows that the level above the 
3p-level is not the 3d-level as should follow from the scheme in 
Fig. 47, but the 4s-level. since the outer electrons in potassium 
and calcium that follow Ar are 4s-electrons. Raising the three- 
quantum level 3d above the four-quantum level 4s is also obtained 
directly from the statistical model of the atom as calculated 
by the Thomas-Fermi method (see p. 204). 

In the elements following Ca, the levels 4s and 3d overlap. 
This explains all the anomalies that are observed in the ele- 
ments beginning with Sc (Z— 21) and ending with Cu (Z— 29). 
As follows irom spectroscopic data, the outer electrons ol Sc and 
all subsequent elements including Ni (Z=28) are d-electrons. 
In the element following Ni, copper, the 18-electron M-group is 
completed for the first time. After copper, everything proceeds 
normally at first, but only up to Kr (Z— 36). Here, and in the 
next two elements Rb (Z—37) and Sr (Z=38), the growth of 
the N-group-stops at eight electrons because the outer electrons 
of Rb and Sr occupy the 5s-level and not the Ad-level. Going 
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further, we again have a series of anomalous elements up to Pd 
Z=46), in which the number of N-electrons reaches 18. Further 
growth of the N-group, the maximum number of electrons of which 
is equal to 2-4*—32, temporarily teases due to a regular growth 
of the O-group (n=5), which in the Ag atom (Z—47) has one 
electron (5s) and in Xe (Z —54) eight electrons (two 5s- and six 
5p-electrons). This group, like the N-group, is temporarily "frozen", 
because in Cs (Z— 55) and Ba (Z—56) that follow xenon the 
outer electrons are on the 6s-level (P-group). Then there are a 
number of other anomalies that are particularly characteristic of 
elements of the rare-earths group (Z —58 to 71), where the 4f-sub- 
group of the N-group is gradually filled up. In Hf (Z—72) we 
already have a fully completed N-group (32 electrons) and the 
start of a further build-up of the next, O-group. In Au (Z— 79) 
the latter builds up to 18 electrons (the outer electron of Au -is 
in the P-group). This number then remains unchanged right up to 
protactinium (Z— 91), which in addition to completed K-, L-, 
M-, and N-groups and an (18+ 2) =20-electron O-group, has 9 
more electrons in the P-group and 2 electrons in the G-group. 

The distribution (as a rule established spectroscopically) of 
electrons in groups and subgroups for all studied elements is given 
in Table 18. 

The last column of this table gives the principal terms found 
experimentally. However, there is some ground for finding the 
type of principal term in the simpler cases theoretically as well. 
From a consideration of the interaction of vectors L; and s; that 
belong to equivalent electrons, that is, electrons with the same 
l; and the same n,, Hund (1927) formulated the following ` rule: 
of the terms formed by electrons with the same lą the lowest, 
generally speaking, are the terms that correspond to the greatest 
value of total spin, and among these terms the lowest is the 
lerm with the greatest total orbital angular momentum L. 

Let us consider an atom containing a certain quantity z of 
equivalent electrons in addition to all the electrons that have 
made up the closed groups and subgroups. On the basis óf the 
Pauli principle it may be shown that the maximum value oi S 


cannot exceed Nt : , i.e., a number obtained when z—2l--1— 


half the maximum number of equivalent electrons. We must 


EIE first limit z by the condition z«2l--1. On this con- 
ition, 


S—S,,—2 (27.2) 


max-— 9» 


which corresponds to all m, that are the same and equal to 1/2. 
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Table 18 


Electron configurations and types of terms for ground states of the atoms 
of the elements 


K L | M N 
Principal 
Elem 
ae Is 2s 2p | 3s 3p 3d |4s 4p 4d 4f Ra 
1H 1 183, 
2 He 2 Sy 
3 Li 2 1 Siya 
4 Be 2 2 Beis: 
5B 2 rie | "Pu 
6C 2 21.4) `P, 
7N 2 reaps *Ss/, 
80 2 PEE p 
9F 2 92-85 2Ds/, 
10 Ne 2 9 c b 'S, 
11 Na D D 3 1 *S1/, 
12 Mg 2 2-416 2 'S 
13 AÍ 2 DS. 2.1 "Pij, 
14 Si 2 PI i py IB, 
15 P 2 2- 06 PEE “Sy 
16 S ep 27 96 24 *P, 
17 Cl 2 26 96 2 5 "Poj, 
18 Ar 2- De 6 2 6 1S, 
19 K 2 :—'u6 2 6 1 Sij 
20 Ca 2 2- C62 |e908 2 dh 
21 Sc 2 DITS B "piel 2 *Ds), 
92 Ti 2 Dao 262 2 F, 
23 V 2 ny 35 246. 3 2 SF a), 
24 Cr 2 Dy =6 227825 1 "8, 
25 Mn 2 2 6 265 2 "Sp, 
26 Fe 2 9 C5 265 2 "D, 
27 Co 2 2.—6 N 2 AES, 
28 Ni 2 0 5 26 8 2 dah 
29 Cu 2 DENS 2216-210 1-1 2S1), 
K Ẹ M N o 
Principal 
Eus 1 2 ERE EMI at, | ES Bo pd setysed) ye 
30 Zn 2 8 18. 29 1S 
31 Ga 2 8 4.2) 1 *Piy, 
32 Ge 2 8 18 | 2.2 P, 
33 As 2 8 Bits UA 
34 Se 2 8 18 | 2 4 3P, 
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K L M N o 
Principal 
Elements 1 2 3 | 4s 4p 4d 4f | 5s 5p 5d 5t 5g chm 
35 Br 2 8 18 | 2.5 Ps), 
36 Kr 2 8 18 | 2 6 "S, 
37 Rb 2 8 18 | 2 6 1 *Si/, 
38 Sr 2 8 18 Eo 6 2 "S, 
ET ee Tdi ai tM. toe (SN ee is cad n 
39 Y 2 8 12) ec] 2 
40 Zr 2 8 18 |-9/ 6 2 2 
4l Nb 2 8 Soe A 1 
42 Mo 2 8 18.1997 6.5 1 
43 Ma 2 8 18 | 2 6 (5)- (Qa) 
44 Ru 2 8 1822 Be 7, 1 
45 Rh 2 8 18 |2 6 8 1 
46 Pd 2 8 18 | 2 6 10 
47 Ag 2 8 18 | 2 6 10 1 Sin 
48 Cd 2 8 18 | 2 6 10 2 'S, 
49 In 2 8 18 | 2 6 10 2 | * pun 
50 Sn 2 8 18 | 2 6 10 2009 *p, 
51 Sb 2 8 18 | 2 6 10 Plug) 383, 
52 Te 2 8 18 | 2 6 10 2 4 P, 
53 I p 8 18 | ? 6 10 2S 2Ps), 
54 Xe 2 8 18 | 2 6 10 2-6 1S, 
K L M N o p 
Principal 
Elemen 
ESO MUS Tig ios 4p 4d 4f | 5s Sp sd of sg] 6s ur 
55Cs |2]|8 18| 2 6 10 2 6 1 ?Sj, 
56Ba | 2| 8/18] 9 6 10 2 6 2 dm 
*Dsj 
58 Ce |2 8 18| 2 6 10 (2) |2 6 (Hj) 
59 Pr |2|8]|18| 2 6 10 (3) |2 6 n 
| 90Nd |2|8]|18| 2 6 10 (4 |2 6 Di 
6 Pm | 2| 8 |18| 9 6 10 Gy 126 (H) 
62 Sm | 2/8/18] 9 6 10 6 26 cB. 
6 Eu |} 2/8/18! 2 6 10 7 26 3S7, 
64Gd / 2/8/18] 2 6 10 7 PETS] d») 
65 Tb |2 8 |18| 2 6 10 (9) 2 6 CH) 
66 Dy |2 | 8 |18] 2 6 10 (0 |2 6 4 
67 Ho | 2} 8 |18] 2 6 10 (1) |2 6 CD 
68 Er |2|8]|18| 2 6 I0 (2 |2 6 CH) 
6 Tu | 2/81/18) 2 6 10 13 |2 6 ES 
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Kr [^ N o P 
p Principal 
Elements 2 
" 1 | 2 |3 | 4s 4p 4d. 4f | 8s Sp 5d Sf 5g] 6s tena 
70 Yb = 8 18 2 6L 10 SIDA, 2 6 2 1S, 
71cp |2|a|1]| 2 6 10 14 |2 6 1 2 Dy, 
72 Hf 2 8 |18 2 6 10 14 PA Wa? 2. ah 
73 Ta 2 8 | 18 26 10 14 DGS. 2 4Fa/, 
7A W 2; 8:38:12. 16:210: aye 2.6 4 2 !D; 
75 Re 2 8 | 18 2. 6 10 14 26 5 2 Ss; 
76 Os 2 8 | 18 9-0. 10) MA 26 6 2 50, 
TT IE 2 8 | 18 226-10") T14 2 DIE 2 AR 
78 Pt 2 8 |18 2.6 10 14 2776179. 1 D; 
| : 
K|r]| M N © P Q 
Elements Principal 
UT Pay ee 4 | 5s 5p 5d sf | 6s 6p ód| 7s juo 
79 Au 2/8 18 32 2 DPI 1 Si, 
80 Hg 2/8 18 32 2 6 10 2 IS; 
81 TI 2 8 18 32 2-^5- 10 VES Pig 
82 Pb 241658 18 32 2 6 10 DS ‘Pp; 
83 Bi |2.8]| 18 | 32 | 2 6 10 2 3 Sy), 
84 Po 2 8 18 32 E 2 4 *p, 
85 At 2 8 18 32 2 6 10 25 *psj, 
86 Rn Dees 18 32 2 6 10 26 1S, 
87 Fr 23158 18 32 250, 2.50 1 Sijs 
FASES Lots a LAE esto ec cya Roe all tt 
91 Pa 2 8 18 32 Pps) 10522 2:86. Toe 4K 
92 U 2) 8 18 32 2 6 10 3 2265 2. Lif 
93 Np | 2 8 18 32 25262710174 26 I|[2 eU 
94 Pu 2 8 18 32 2b 10 15 2 6 2 "F: 
95 Am| 2 | 8 18 32 eG) i0 7 2 6 2 19 
96 Cm | 2| 8 18 32 2610. 7182. 6.92 "D 
97 Bk | 2] 8 18 32 2- 767-108 2 6 1) 2 8H 
98 Cf 241.8 18 32 2 6 10 10 2 6 2 " 
99 Es 2 8 18 32 25 6 10°11 26 2 ar 
100 Fm | 2 8 18 32 2 6. 10 12 2.6 2 3H 
101 Md | 2 8 18 32 21760 10 13; 2 6 2 af 
102 No | 2 8 18 32 |-2 6 10 14 2 6 2 45 
B 


Since all m, are the same, the orbital magnetic numbers m, of 
all electrons must be different. Here, the maximum value of 
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Orbital angular momentum L, will, obviously, be equal to 


L=Lyx=l+(/—1)+...+(l—-z+)= 
=F 0 4 1—2) — S, (2l --1—2). (27.3) 


As for z>>2/-+1, the type of term in this case may be deter- 
mined by the following reasoning. Since for z—2 (2141) we 
have a closed electron subgroup, for which S—0 and L —0, by 
eliminating from it a certain number of electrons 2(2/--1) —z 
and assigning to the group of eliminated electrons maximum 
values of angular momenta S and L, equal, respectively, to 


$—S,,,— (21 4-1) —4 (27.4) 
and 
L=Lyy=!-+0—1)+...4+ 1-24 1)4+24 = 
- [e--»— £]e (1+ ))=S,,,,(2—2—1), (27.5) 


for the remaining z electrons we will have the same values S 
(27.4) and L (27.5). 

We take advantage of the formulas obtained to determine 
the type of principal terms of elements of the second and third 
periods of the Periodic Table. The outer electron group of these 
elements contains a maximum of 8 electrons distributed in s- and 
p-subgroups. We thus have /—0 and /—1. Let us first consider 
the terms’ of elements with one and two s-electrons (z—1 and 2). 
For z—1, we find, from formulas (27.2) and (27.3), S— 1/2 
and L—0, i.e., the term °S. For z=2, we obtain, from formula 
(27.3), L==—S, which is meaningful only when S—L—0. 
Whence we get 'S for the principal term of elements of the sec- 
ond group. Since /—1, for elements of the third to eighth 
groups we get, from formulas (27.2) and (27.3), S==1/2 (III), 
1 (IV), 3/2 (V), and L—1 (III), 1 (IV), 0 (V); and from for- 
mulas (27.4) and (27.5): S—1 (VI), 1/2 (VID, 0 (VIII), and 
L-—1 (VD, 1 (VII) 0 (VIII) i.e., terms *P (HII), `P (IV), 
'S (V), °P (VD, *P (VII), and 'S (VIII). 

Similarly for the d-subgroup containing 1, 2, ..., 0 elec- 
trons, we find, correspondingly, the following groups of terms: 
DIE Rese on E RUR aD andis: Comparing these and 
the earlier results with the data in Table 18, we find exact 
coincidence of terms observed experimentally with those found 
on the basis of Hund's rule. 

As for the principal terms of the elements, this rule is appar- 
ently satisfied for all elements without exception. Hund assumes 
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that his rule must hold for all cases when the interaction (h, s;) 
is small compared with other magnetic interactions. Indeed, giv- 
en predominant interaction of the vectors J, and s;, we are 
then dealing with a transition from Russell-Saunders coupling 
(p. 212) to (j, i) coupling, for which the systematics of atomic 
terms used in formulating the Hund rule does not hold. 

As already pointed out, when L and S are meaningless the 
systematics of atomic terms that uses these numbers obviously 
becomes impossible too. But since the number J, which .charac- 
terises the total electronic angular-momentum vector 

Dali 
is conserved, it is this number that is used to describe individual 
terms. We note that cases of (j, j) coupling are most frequently 
encountered among the high excited states of heavy atoms when 
an optical electron with large principal quantum number is so 
far away from the other electrons that its interaction with them 
is secondary as compared with (l, s) interaction. 


28, Intensity of Spectral Lines 


Probabilities of radiative quantum transitions in the atom, The 
intensity of monochromatic radiation with frequency v nn’, COr- 
responding to the transition n’ —n, is expressed by the formula 

I= An N'hvnn: (28.1) 


where Ann is the number of radiation events per atom per second; 
this is usually (though erroneously) called the radiation probabil- 
ity. N' is the number of excited atoms (in the source of radia- 
tion) at the initial level nu 

The absorption-line intensity expressed by the quantity of 
absorbed radiant energy AI is determined by the absorption 
probability Bun and the number of absorbed atoms N, and may 
be represented by the formula 


Al == Bay Nhvan’ 1. (28.2) 
In (28.2), I denotes the intensity of the incident light. 


According to Einstein, the probabilities A and B are con- 
nected by the following relation: 


Ban’ EBE Ai (28.3) 


8nhvin € 


where g’ and g are statistical weights corresponding to the excit- 
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ed and ground states of the atoms. Thus, with the aid of rela- 
tionship (28.3) and knowing A we can compute B (and vice 
versa). 
These quantities may be determined both experimentally and 
theoretically. The experimental determination of the probabilities 
of quantum transitions frequently 
reduces to measuring the area of 
the absorption line, i.e., 


fno) dv, 


which is found from the depend- 

% =? ence of the absorption coefficient 

Fig 48. Intensity distribution in (v) of the appropriate line upon 
Spectral line (Av—2v' is line the frequency v. We note that 
width) the intensity distribution within 

the limits of a given spectral 


following relationship obtains between the area of the absorption 
line and the corresponding probability of absorption Ban: 


o 
1 ~ 
Bow = x mag | e dv. (28.4) 
9 


On this basis we can compute Baw from the measured area of 
the absorption line. 

Another method ior experimental determination of the proba- 
bility of quantum transitions, which was first developed by 
Rozhdestvensky (1915), is based on the study of anomalous disper- 
sion of gases. In this case, lor the dependence of the index of 
refraction n on the frequency of light oscillations v, we obtain 
the following expression from classical electron theory: 


ipd Ni 


(e and m are the charge and mass of the electron and N, is the 
mber of oscillators with a natural frequency *), Which, in 
lerms of quantum mechanics, may be rewritten in the form 


2 SEN fnn 3 
n edis SIC (28.6) 


Here, fan is the so-called oscillator force connected with the prob- 
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ability of the corresponding quantum transitions Anny by the 
relation 


£v me? 

fnn = Ey Brev? Ann’ ate 
Determining the quantity fn by measuring the index of refraction 
n as a function of the frequency v, we find, from (28.7), the 
corresponding values of the light-emission probabilities Any. Due 
to the peculiar relationship between n and v near the absorption 
lines van, the Rozhdestvensky method became known as the hook 
method. 

The following reasoning underlies a theoretical (quantum-me- 
chanical) determination of the probabilities of quantum transitions. 
According to classical electrodynamics, the intensity of electro- 
magnetic radiation of an oscillating dipole is proportional to the 
square of the second derivative of its electric moment P with 
respect to time; whence, for radiation intensity of frequency v, 
we get the following expression: 

64 n*v* Dea, 

I= p PN (28.8) 
where P, is the vibration amplitude of the dipole moment. Pro- 
ceeding from a statistical interpretation of the wave function, 
the electrice dipole moment, which corresponds to an element of 
intra-atomic volume and to the coordinate q, may be expressed 
by the formula eq,qq;dV. Whence, integrating over the entire 
atomic volume, we get the sought-for dipole moment of the atom: 


P, —e | q,ag;dV = e (b, aod V. (28.9) 


As may be seen from (28.9), the electric dipole moment of an 
atom in any one of its steady states (n) is a constant. It follows 
therefrom that an atom of quantum mechanics in a steady state 
does not emit light. 

The result obtained appears to be quite natural, since there 
are no grounds for believing that the emission of light associated 
with the transition of an atom from one energy state to another 
could be due to the electric moment of only one of these states. 
Dirac gave the correct solution: light emission by an atom is 
determined by the transition moment computed irom the formula 


Pan =e (9,09; dV. (28.10) 
Since n=£n’, expression (28.10), unlike (28.9), contains a time- 
E'-E 


dependent factor e^ 8 * (see (23.29) which ensures that ihe 
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derivative of the moment P with respect to time is not equal to 
zero, The quantity in the exponent of the time factor is 


the frequency of the light vaw emitted by the atom. The transition 
moment may, therefore, be expressed by the formula 


Pie quae nn" (28. 1 1) 


where the factor quy (called the quasi-moment) is the vibration 
amplitude of the transition moment (divided by e), which ampli- 
tude is a vector with components 


qe, m f 1,xV 7, dV, qo, ae f Paypa dV,, 
4%, = f ypz dV, (28.12) 


Substituting the square of the modulus of vector enn’ into 
formula (28.8) in place of Pè, on the basis of (28.1) we obtain 
the following expression for the radiation probability: 


Aa? 
Mew =F i Vin | donf. (28.13) 


According to (28.13), calculation of the radiation probability 
(and, consequently, also the absorption probability) reduces to 
calculating the wave functions for the appropriate states of the 
atom. However, since the latter can be obtained with the required 
accuracy only in a limited number of cases, a theoretical evalua- 
tion of the absolute values of probabilities of quantum transitions 
(and, thus, the spectral-line intensities) could not become wide- 
spread; these probabilitics are chiefly determined by experiment. 

Selection rules. A much simpler theoretical problem is that 
of establishing the possible quantum transitions, i.e., transitions, 
the probability of which has a finite value. The solution of this 
problem leads to the establishment of so-called selection rules 
and also rules of polarisation of radiation. 

If one of the components of Qa» is. zero, this means that in 
the transition n' —n the radiation lacks vibrations in the direc- 
tion of the respective coordinate (we have in mind the direction 
of vibrations of the electric vector of a light wave). Whence we 
obtain the rules of polarisation of radiation. However, if qus —0 
lor any direction of vibrations, we get the selection rules. In 
this case the transition n' —n is "forbidden". The selection rules 
and the rules of polarisation are established by calculating the 
components (28.12) of qu. 

. We consider the lollowing case, taking advantage of the solu- 
lion of the hydrogen-atom problem (Chapter 4). In this case, the 

» 


E 


| 
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components of qa, in the direction of axis z(q=rcos%) and in 
the — direction perpendicular to z(q—=rsindsing and 
q—rsin$cosq, or, in complex notation, q=r sin ¥et'*), Z and 
X-LiY, are expressed by the formulas 


Z= Vi [bus Pirmi dr sin 8 cos 9d8dg, 
X+iY= US Potm Pirm, r'dr sin? 0d8ez'«dg. 


Substituting here the expressions for p and «* obtained from 
a solution of the H-atom problem and evaluating the integrals, 
we find, in particular, that the quantities (28.14) do not become 
zero solely when m; =m, m,-+1. Indeed, due to separation of 
the variables, each of the expressions in (28.14) may be repre- 
sented in the form of a product of three integrals 


I, (r) Ty (8) L, (9). 


The simplest one oi them, bs for both components contains the 
factors 


| (28.14) 


i(my $1- m) e 


on 2r 
f e 0/77? dp and - f e dg. 
9 


9 
As will readily be seen, the first of these integrals is differ- 
ent from zero only when m; =m, the second, when m, —m, + 1. 
This means that the radiation associated with the transition 
m,— m,—m, will be polarised in a direction normal to the 
axis z (the electric vector is parallel to the z axis). And the 
radiation corresponding to the transition m; — m,—m,;4-1 will 
have an electric vector lying in the xy plane. If the direction 
of the coordinate axes is not specified physically, radiation must 
obey the general selection rule: 
Am,=0, +1. (28.15) 


The total magnetic quantum number M obeys a similar selection 
rule: 

AM=0, +1. (28.16) 

Somewhat more involved computations, similar to the fore- 

going, lead to appropriate limitations for variations of the num- 

ber / (or L). We thus obtain a selection rule for the azimuthal 


quantum number: 
AL=-+1. (28.17) 


From this rule, if follows straightway that only the terms S and P, 


" 
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P and D, etc., can combine, whereas the combinations S—D 
(AL —-1-2), S—S, P—P. (AL—0), ete., are “forbidden” on the 
basis of rule (28.17). 

In addition, we note the following selection rules. The total 
angular-momentum quantum number J obeys the rule 


AJ —0,; 4-1. (28.18) 


Moreover, transitions between such levels as are both character- 
ised by the numbers J—0 are "forbidden". The spin quantum 
number S obeys the selection rule : 


AS—0 (28.19) 


called prohibition of intercombinations. According to this rule, 
combinations of terms are “forbidden” that belong to systems of 
diflerent multiplicity (intercombinations), for instance, to the 
singlet (S—0) and triplet (S— 1) systems of terms. Finally, 
we point to the so-called Laporte rule, according to which the 
only possible combination is between even and odd terms (a term 
is called even or odd depending on whether the sum of the azi- 
muthal quantum numbers of all electrons in the atom is even 
or odd). 

From experiment it follows that quantum “prohibitions” are, 
for the most part, not absolutely strict, and “forbidden” lines 
are frequently encountered in atomic spectra, although the inten- 
sity is low when compared with ordinary “nonforbidden” lines. 
One of the main reasons for frequent violations of the selection 
rules is that in addition to dipole radiation it is also possible 
to have electromagnetic-wave radiation associated with changes 
in an electric moment of a higher order, primarily in the quad- 
rupole moment of the atom (quadrupole radiation) and also mag- 
netic dipole radiation due to a change in the dipole magnetic 
moment of the atom. 

The intensity of the quadrupole and magnetic dipole radia- 
lions is determined by integrals that differ from the integrals in 
(28.12), which account for the intensity of dipole radiation. For 
example, the intensity of quadrupole radiation depends on inte- 
grals of the form Veo, dV. For this reason, quadrupole radia- 
lion and magnetic dipole radiation obey other selection rules. 
Thus, both these types of radiation are possible only in even- 
even or odd-odd combinations (this rule is the opposite of the 
r, in the case of quadrupole radiation, we 
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and also the selection rule AL=0, +1, + 2 (for L=0-/+>L=—0); 
in the case of magnetic dipole radiation, we have the rule 
AL=0, +1 (in place of rule (28.17) for electric dipole radiation). 
Experience shows that the ratio of intensities of magnetic dipole 
and quadrupole radiations to the intensity of dipole radiation 
is usually 107%: 1 and 107"; 1, respectively. 

We may also note a weakening of the rigidity of prohibition 
of iritercombinations with increasing atomic number. This weaken- 
ing is associated with the fact that, here, interaction of the 
orbital and spin angular momenta of the atom becomes stronger 
(it is manifested in an increase in multiplet splitting of the 
terms); theoretically, we may expect strict fulfilment of the 
selection rule AS—0 only when there is no coupling between É 
and S. 

There are also cases of the selection rules being violated when 
the radiating (or absorbing) atoms are in the outer electric or 
magnetic fields or are subject to the action of fields surrounding 
molecules or ions. Thus, for the case of an electric field, the 
usual lines are those associated with the transitions S— S, P—P 
(AL = 0) S ADAPS E (ALE 2S EE (AL —3), which 
under ordinary conditions are forbidden by the rule AL—- 1. 
These and similar violations of the selection rules in an electric 
field are interpreted theoretically by the fact that the dipole 
electric moments induced in the atoms by an electric field have, 
generally speaking, different values depending on the quantum 
state of the atom. Therefore, transitions of atoms from one 
state into another should definitely be accompanied by a change 
in the induced dipole moment. This is the cause of the finite 
probability of transition, i.e., of the appearance of radiation 
(forced dipole radiation), which is forbidden under ordinary con- 
ditions precisely because of no changes in the dipole moment of 
ihe atom. 

Average lifetime of excited atoms. The different radiation prob- 
ability observed in different cases permits us to pose the ques- 
tion of the average lifetime oi excited atoms and of the con- 
nection of this quantity with the probability of quantum 
transitions. A decrease in the number of excited atoms N' per 
unit time as a result of radiation is obviously equal to 


NAS STAN, (A is the radiation probability), whence it follows 


N’=Nie-“t (28.20) 


where N, is the initial number of excited atoms. By introduc- 
ing the concept ‘of average lifetime of an eacited atom 1, 
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determined by the time interval during which the number of ex- 
cited atoms diminishes e— 2.718... times, we get 
t=. (28.21) 
Thus, the average lifetime of an excited atom turns out equal 
to the inverse magnitude of the probability of the corresponding 
quantum transition (quantity A, which is usually called the 
radiation probability, is in fact the mathematical expectation, 
or the frequency, of this procéss; physically, A denotes the 
number of transitions accomplished by an excited atom in 
1 second). Whence it follows that the less the radiation proba- 
bility, the greater is v, In particular, there should be an es- 
pecially long average lifetime in the case of those excited atoms 
whose transition to the ground (or a lower-lying) state is 
forbidden by some selection rule. Such atoms are called meta- 
stable. 
The average- lifetime is usually computed from measured 
values of A. However, there also exist direct experimental 
Table jọ methods for determining +t. One of 
these methods (the Wien method) is 
based on observing attenuation of light 
in a beam of fast atoms. Measuring 
the distribution of light along the beam, 
which is expressed by the formula 


Average lifetime of a number 
of atoms 


Atom | Term T, sec 


"x 
T 


ep eom (28.22) 


(I is the light intensity at a certain 
point of the beam x and I, is the in- 
tensity at a distance x— 0), and 
knowing the velocity of the atoms v 
(measured from the Doppler shift of the 
spectral lines), we find v. The values of this quantity measured 
by various methods are given in Table 19. In the second column 
are the states of the atoms to which the given values of t belong. 

The following may be pointed out in connection with the 
data in Table 19. Correlating the values of x for the terms “Py 
Zn, Cd, and Hg, which terms correspond to the metastable states 
of these atoms (prohibition of intercombinations) we note a 
decrease in t with increasing atomic number. This fact illustrates 
what was said on p. 239 concerning the laxity of the prohibition 
of intercombinations. 

A particularly long lifetime is found for a mercury atom in 
the *P, state, which is metastable not only by virtue of the 
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prohibition of intercombinations but also due to the rule J= 
—0~J—0. Finally, we note that the lifetimes of the states 
(given in Table 19) of Li and Na, which are ordinary excited 
states, are of the order of 10-*— 10-? sec. This same order of 
magnitude is obtained for the damping constant of a classical 
oscillator, which constant (according to electrodynamics) is 
expressed by the following formula: 
3 em 42 

aoe eae (28.23) 
where e and m are the charge and mass of the electron, c is 
the speed of light, and A is the wavelength of the radiated light. 
For visible light (A==5000 A), from this formula we get v of 
the order of 107* sec. 

It may be added that there is a definite relationship between 
the average lifetime of an excited atom t and the width of the 
spectral lines emitted by this atom (the so-called natural width 
observed in rarefied gases at low temperatures), namely, that 
the smaller t, the wider the line. This relationship may be ob- 
tained from the uncertainty relation (23.8). Indeed, multiplying 
and dividing the left side of equality (23.8) by At, we can re- 
write it (because Ax/At — v and | = mv) in the following form: 
AEAt—h, where AE denotes indeterminacy in energy and At, 
indeterminacy in time. Identifying the first with indeterminacy 
in the difference of the energies of the initial and terminal states 
of the atom, upon which the width of the spectral line depends, 
and At with the average lifetime v, we obtain the required rela- 
tionship between the line width and the quantity t. 

We conclude this section by noting that (28.21) is valid 
only in those cases when only one transition is possible to 
lower-lying states (to one of these states), In the case of several 
possible transitions, (28.21) must be replaced by the following 
more general formula: 

1 

T—gX (28.24) 
where A, is the probability oi an ith transition. The quantity 
ZA, is the total probability of all possible transitions from a 
given excited level to all lower-lying levels of the atom. 


29. Atomic Spectra 


Atomic spectra of alkaline elements. The structure of atomic 
spectra is interpreted on the basis of the systematics of atomic 
states and the selection rules established for the various quan- 


9 —3038 
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tum transitions. In this section we will consider certain 
atomic spectra and will touch on some extranuclear structural 
peculiarities and a number of the properties of atoms conditioned 
by them. ' 


Fig. 49. Radiation terms and the atomic spectrum of caesium 


Fig. 49 is a diagram of the energy levels of caesium constructed 
irom an analysis of its optical spectrum. Here, the short hori- 
zontal lines depict energy levels (terms); the numbers in the 
symbolic designations of the terms (to the left of each horizontal 


line) represent the values of the appropriate principal quantum 
number, * 
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Unlike the simple *S-terms, all the remaining terms oi the 
caesium atom (this goes for all atoms or ions with one outer 
electron) have a doublet structure. However, it must be noted 
that doublet splitting of the terms *D and °F is so small in the 
case of potassium, sodium, and lithium (which are lighter) that 
it is practically absent from the spectra of these elements. That 
is why the level diagram of caesium (heaviest of the alkaline 
elements) was taken to illustrate the energy levels of an atom 
with one outer electron. It may be noted that doublet splitting 
of D-terms was detected in the spectrum of Rb and also in the 
spectra of the ions Ca*, Sr*, and certain other heavier ions having 
one outer electron. 


doublet splitting of the terms of atoms and ions with one outer 
electron, The doublet splittings of the lower P-terms of alkaline 
elements (they illustrate the dependence of the magnitude of 
splitting on the atomic number of the element, Z) were given 
in Table 17 (p. 220). 

In similar manner, the doublet splitting of other terms of 
alkaline elements increases with Z. That is why the doublet 
splitting of D- and F-terms is resolved only in heavy elements. 

Transitions between difierent levels in Fig. 49 are indicated 
by oblique lines. The number at each line denotes the wave- 
length of the corresponding spectral line (in A). This figure 
contains: two members of the principal series of caesium 
(P — °S) —the doublet 8943.46/8521.12 (the first member) and 
the doublet 4593. 16/4555 .26 (the second member of the series); 
the first member of the sharp series ('S—P) — the doublet 
14694.8/13588.1; the two first members of the diffuse series 
(D —*P) — the triplet 36127/34892/30100 (the first member) and 
the triplet 9208.40/9172.23/8761 .35 (the second member of the 
series); the first member of the fundamental series ÊF —*D) — the 
line 10124.1/10025.4, which is an apparent doublet. The apparent 
doublet nature of the lines of the fundamental series is due to 
the smallness of doublet splitting of the ^F-terms. In reality, 
however, the lines of this series (like the lines of the diffuse 
series) are triplet, which follows from the selection rule AJ =0, 
-- 1, since this rule (in each case) permits three combinations, 
namely: *Dsj2— Pig 2D, — Po, and *D,,—'P,, in the case 
of the diffuse series (the *D,, — Pis combination is forbidden) 
and combinations 'F;j,— Dy *Fy, —*Dsje, ?E,,— "D; in the 
case of the fundamental series (the *E;4,— “Ds combination is 
forbidden). 


g* 
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Components of multiplet lines have diferent intensities de- 
termined by the sfatistical weights of the combining terms. The 
statistical weight of an atomic term is expressed by the formula 


ae oee (29.1) 


which is equal to the number of values taken on by the mag- 
netic quantum number M (see p. 208). In respect of this quantum 
number, each state is (2J-+1)-fold degenerate, since in the 
absence of an external magnetic field all 2J-|- 1 components of 
a term characterised by the quantum number J have the same 
energy (the energy diflerence between these components arises 
only in a magnetic field and is manifested in the magnetic 
splitting of the term, see Ch. 6). M-degeneracy of terms results 
in the fact that among the N atoms in the state *P, for example, 


we have 21 N atoms in the *P,, state and na N atoms in 


the *P,j. state. In cases when doublet terms combine with simple 
terms (principal and sharp series), the ratio of the intensities of the 
components of the doublet line should equal the ratio of statistical 
weights of the components of the doublet term (i. e., in the case of the 
term *P the quantity (2X 3/2-- 1):(2 1/2-+1)=2:1. In the 
principal and sharp series in the spectra of alkaline elements, 
the intensities of components of doublet lines are indeed in the 
ratio 2:1. Calculation of the ratio of intensities of the compo- 
nents of triplet lines in the diffuse series and the fundamental 
series also leads to agreement with experiment (components of 
triplets in the diffuse series in the order that they are given on p. 242 
have intensities in the ratio 5:1:9; component intensities of trip- 
lets in the fundamental series in the order shown on p. 242 
are related as 14:1:20), ; 

The lines of the principal series of alkaline elements (like all 
lines that arise through participation of the ground term of any 
atom) are called resonance lines. When these lines are absorbed, 
the normal atom passes into one of the excited states, thus be- 
coming capable, upon the reverse transition to the ground state, 
of emitting light of the same wavelengths (resonating). The reverse 
emission of light is known as fluorescence. 

Helium spectrum. Fig. 50 is a diagram of the energy levels of 
the helium atom. Due to the strictness of prohibition of intercom- 
binations for light elements (see p. 238) we have here two systems 
of terms that do not combine: a system of singlets (the terms of 
parahelium) and a system of triplets (the terms of orthohelium). 
The triplet terms of helium are exceedingly narrow. The differ- 
ence between the terms 1s2p'P,— 1s2p*P, is only 0.077 cm~‘, 
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the difierence between 1s2p°P, — 1s2p*P, is 0.991 em-'. The 
components of the term Is3d'D have as yet not been separated. 

The normal term of the helium atom is (Is)"S,. Since the 
next, in height, term is the triplet term 1s2s°S,, which does not 
combine with the normal term, the helium atom, in the state 
Is2s°S,, is in a metastable state. The impossibility of radiative 
transition 'S — 'S makes radiationless transitions of a metastable 
helium atom to the ground state the only possible ones. This 
transition may be accomplished in two ways. Namely, by colli- 
sion with another particle (an electron, for instance) of sufficient 


5 Isis : 

Zara etium Ürthohetium 

Fig. 50. Radiation terms and the atomic spectrum 
of helium 


energy, the He atom may pass into one of the higher singlet 
states (collision of the first kind), Tor example, into the "P state, 
irom which a radiative transition to the ground state is allowed. 
The second way is connected with a collision of the second kind, 
i.e, a collision of a metastable He atom with another particle, 
as a result of which the excitation energy is imparted to the 
latter directly. : 

The possibility, postulated above, of a radiationless intercom- 
bination transition 'S— P due to an electron impact follows 
from the'existence of electron exchange, which consists in a free 
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(bombarding) electron changing places with one of the electrons 
of the He atom. This exchange is shown diagrammatically (elec- 
trons are designated by arrows) as follows: 


e-+ He (*S) — He (P) +e. 
f {I p 
l 23 


As a result, the prohibition of intercombinations is removed and 
the electron can go to the level 'P. Electron exchange also makes 
possible a simple interpretation of the possibility of exciting a 
metastable level upon collision of a fast electron with a normal 
helium atom. * 

Convincing experimental proof of the existence of electron 
exchange of this type is given by investigating the so-called excita- 
tion functions of the energy levels of atoms. Here, by excitation 
function we understand the dependence (usually represented 
graphically) of the probability of excitation of a given atomic 
level upon the energy of the bombarding electrons. In this case, 
the intensity of the appropriate spectral line is usually taken as 
the measure of probability of excitation. Studies of various spec- 
tral lines lead to the following two principal types of excitation 
functions. One type, which is observed in the excitation of terms 
having the same multiplicity as the principal term of the atom, 
is characterised by a relatively slow build-up of excitation prob- 
ability (beginning with a certain threshold corresponding to the 
energy of excitation of the given term Kmi) Which attains a 
maximum at electron energies that considerably (usually several- 
fold) exceed K,,;,. The other type of excitation functions is ob- 
Served in the excitation of terms of a different multiplicity than 
that of the principal term (intercombinations). In this latter case, 
the probability of excitation rapidly attains a maximum (when 
KER oes not exceed 2-3 eV) and also rapidly falls off. The 
excitation functions of the two foregoing types are given in Fig. 51. 
One of them corresponds to the mercury line A 2655 A (4'D, — 2'P.) 
and characterises the probability of excitation of the term 4!D,, 
that is, the probability of a process in which the multiplicity of 
ihe atom does not change (the principal term of mercury is 'S,). 
The other — the excitation function of the mercury line à 2653 A 
(4D,—2'P,) which is close to the first line — characterises the 


sÀ Measurements show that the process of electron exchange in this case is 
accomplished with high probability. For example, the process He’ (1s2s'S) J- 
+e > He (1s2s*S) +e +-0.78 eV Tor thermal electrons has a cross-section of 
3X 107! cm?, which is two orders of magnitude in excess of the gas-kinetic 


euo) equal to zr*—35€107!* cm*, where r is the radius of the helium 
stom. : 
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probability of excitation of the term 4°D,, i.e., the probability 
of an intercombination transition. 

The different types of excitation functions shown in Fig. 51 
are to be explained as follows. The excitation probability of a 
term is determined by its statistical weight, the magnitude of the 
electric moment corresponding to a given transition, and the elec- 
tron velocity. Upon the latter are dependent the magnitude and 
duration of the perturbation that stimulate electron transition in 
the atom. In the case of intercombination transitions we have 
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Fig. 51. Two types of excitation function of mercury 
atom by electron impact 


electron exchange of the type described on p. 245. The rapid decrease 
in excitation probability with increasing velocity (energy) of the 
exciting electron, which is observed in the case of intercombina- 
tion transitions, is accounted for by a decrease in the time of 
interaction between electron and atom, as a result of which the 
exchange of electrons becomes more and more difficult. 

As shown in Fig. 50, the excitation energy of the metastable 
level of the atom He (°S,) is equal to 19.77 eV. From this figure, 
it follows further that the next, in height, level of excitation of 
helium, level 1s2s'S, with excitation energy 20.55 eV, is also 
metastable inasmuch as transition from this level to both lower- 
lying levels (1s2s'S, and Isls'S,) is forbidden: transition to the 
first of these levels is an intercombination, while transition to 
the second level (the ground level of He) is forbidden by selection 
rules AL—-+ 1 and j—0-[5J =0: 

Mercury spectrum. Fig. 52 is a diagram of the terms of the 
mercury atom. In contrast to helium, we have here a group of 
intercombinations. One of the intense lines of the mercury spec- 
trum—the resonance line 4 2537A—is the intercombination 
line *P, —'S,. With the exception of prohibition of intercombi- 
nations, all the other selection rules are fulfilled here, as in the 
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case of the He atom (Fig. 50). Let us examine one of the selec- 
tion rulés, namely, the rule that excludes combinations of terms 
with J—0. Absence of the lines 'S, —'S, and 'P,—'S, in the 
mercury spectrum (these lines are actually observed but their 
intensity is very low) indicates that this rule is strict; whence it 
follows that the state 6s6p'P, of the mercury atom is metastable. 

The energy-level diagrams of He and Hg in Figs. 50 and 52 
indicate only those terms that are obtained in the excitation ol 
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Fig. 52. Radiation terms and the atomic spectrum of mercury 


one of the electrons. The state of the second electron is held con- 
stant (ls in the helium atom and 6s in the mercury atom). Atomic 
terms arising in the excitation of only one electron are ealled . 
normal in contrast to shifted terms that arise in the excitation 
of two and more electrons. This diflerence is manifested not only 
in the positions of the terms, but in the fact that combinations of 
displaced terms obey diflerent selection rules. For example, in 
transitions when there is a simultaneous change in the state 
of two electrons, the change in the corresponding azimuthal quan- 
lum numbers /, and /, turns out to be different from the change 
in the total azimuthal quantum number L, and the selection 
rule for the azimuthal number no longer refers to number L but 
to the numbers /, and /,. According to Heisenberg, this selection 
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rule is 


A= as Aio + 2: 


Experimentally, displaced terms were detected in helium and 
also in atoms and ions with two or more outer electrons. The 
number of shifted terms is particularly great in atoms with com- 
plex electronic structure. 
Applications of atomic spectroscopy. We conclude this chapter 
with a brief description of the exceedingly rich and diverse 
applications of the spectroscopy of atoms. Studies of atomic spectra 
played an exceptionally important role in learning about the 
structure of atoms and their properties. The regularities observed 
in atomic spectra made it possible to learn about the finest, details 
in the electronic structure of atoms, to find a place for every 
electron in the atom, a place for every element in the Periodic 
Table. Studies of the fine structure of atomic spectra and their 
behaviour in external fields of force permitted establishing laws 
of such general phenomena as that of space quantisation. The 
establishment of these laws led to a quantitative interpretation 
of the magnetic properties of atoms and ions. To a large extent, 
the modern development of atomic physics is due to the successes 
of spectroscopy. 
Intimately bound up with atomic spectroscopy is the develop- 
ment of one of the most important chapters of theoretical astron- 
omy, astrophysics. Spectroscopy tells us about the composition 
celestial bodies, the velocities ‘of stars. and of whole stellar 
systems. 
No less broad and diverse are the purely practical applications 
atomic spectroscopy. They are mainly concentrated around 
spectral analysis, which is widely employed almost in every 
branch of science and technology. 
The spectroscopic method is a powerful method of analysis 
of ores and minerals and is finding more and more applications. 
Spectral instruments have become a necessary tool in geological 
prospecting, making it possible, under field conditions, to deter- 
mine almost at once the content of a useful element in a given 
rock, Natural gases and mineral waters are subjected to spectral 
analysis. Spectroscopic methods are finding ever wider applications 
in soil analysis and in resolving problems of agricultural chemistry. 
Spectral analysis (including X-ray studies) is playing an ex- 
ceptional part in metallurgy. The need for precise and rapid 
analyses of specimens in the very process of manufacturing high- 
quality alloys makes the spectroscopic method one of the basic 
analytical methods of the factory laboratory. To take an example, 
spectroscopy has made possible the so-called “express” analysis, 
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which frequently permits practical metallurgical problems to be 
solved within minutes where ordinary chemical methods of anal- 
ysis would require hours. This explains why the spectroscopic 
method of analysis is more and more supplanting conventiona 
chemical testing at modern metallurgical and machine-building 
plants. The spectroscopic method ensures rapid and simple sorting 
of alloys and articles, and control of goods. 

Particularly outstanding are the advantages of the spectra 
method when determining minute quantities of impurities because 
this is often beyond the scope of chemistry. Even hundredths o 
a per cent of an impurity can often appreciably alter the prop- 
erties of an alloy. The sensitivity of the spectral method may 
be gauged from the fact that in “pure” platinum with impurities 
less than 0.001% this method permits detecting Ca, Sr, Pb, and 
Cu. Spectra show 107" gm of Sr, 10—* gm of Cd, Mn, and TI, and 
10-* gm of Li and Te. Precision of analysis is usually better than 
several per cent of the concentration under study, which is quite 
sufficient for most problems. 

Very great also is the role of spectral analysis in biochemistry 
and medicine where one often has to do with minute quantities 
of substances not amenable to ordinary chemical analysis. The 
great importance of these substances in the activities of a given 
organ, the necessity of localisation and finding the meehanism of 
aclion of various substances introduced into the body make the 
spectral method an effective method of investigation that plays a 
big role in therapy and diagnostics and in forensic medicine 
Only in recent years has the spectral method begun to give way 
lo a still more sensitive and convenient method based on the use 
of substances labelled with radioactive isotopes. 

Spectral analysis is a convineing illustration of the close, or- 
ganic, connection between theory and practice. Without the solu- 
lion of intricate problems of atomic spectroscopy, such as that 


the intensities of the spectral lines, quantitative spectral analysis, 
lo which technology is making more ànd more stringent demands, 


The spectral method proceeds from a theory of profound sig- 
nificance, yet at the same time is a strictly practical method. 


CHAPTER 6 
THE ATOM IN A FORCE FIELD 


30. Zeeman Effect 


Normal Zeeman effect. As has already been pointed out above, 
in a magnetic field each level characterised by the quantum num- 
ber J issplit into 2J-++1 sublevels. The number of these sublev- 
els is equal to the number of possible values taken on by the 
magnetic quantum number M, which determines the magnitude of 
the projection of total angular momentum of the atom on the di- 
rection of the magnetic field. The observed splitting of the spectral 
lines in a magnetic field, known as the Zeeman effect (1896), is 
the result of. this splitting of terms. The nature of magnetic split- 
ling of the various lines is exceedingly diverse, but the number 
of components and the magnitude of splitting of each line satisfy 
simple regularities. Lines associated with a combination of the 
same terms (for instance, lines belonging io a single series) have 
the same type of splitting (the same number of components). 
Part of the splitting components, when observed at right angles 
to the direction of the magnetic field is always polarised parallel 
io the field* (z-component), while the other components are 
polarised perpendicular to the field (c-component). 

In the simplest case, the Zeeman effect reduces lo a symmet- 
rical splitting of the spectral line v, into three components with 
frequencies v,,, v, and v_,, and the magnitude of splitting 
Av, =V41— Y= Vo — Vs IS equal to 

H 
Av, == (30.1) 
where ug is the Bohr magneton and H is the magnetic field inten- 
sity. This type of splitting is called the normal Zeeman effect.** 
It is observed, for instance, in the system of singlets of He and 
the group of alkaline earth elements and also in the spectra of 


* The electric vector in a light ray oscillates parallel to the field. 
** The theory of the normal Zeeman effect was developed by Debye and 
Sommerfeld in 1916. 
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Zn, Cd, and Hg. Fig. 53 is a photograph of a normal triplet for 
one of the single lines of cadmium, 6438.47 A ('P, — 'D, transition). 
Let us find out its origin. 

In a magnetic field, the energy of an atom va- 
ries by the magnitude 


AE=MupH. (30.2) 
Consequently, the total energy of the atom in the 
upper ('P,) and lower ('D,) states in a magnetic 
field is equal to E'—E,-|- M'ugH and E— E, 
--MusH, respectively, whence it follows that 


Bang EE ; ug H 
K anra Ma 


Fig. 53. | 1 pu gH 

nsn oum PURAM: 
of single line of 
ano Since according to the selection rule for the mag- 
sition). Top, netic quantum number (p. 237) AM —4- l or 0, 
a-component; we get the following values from the foregoing equa- 


bottom, two tion for the frequencies of a normal triplet: 
o-components 


V¥41=V+Av,, Yos Vv. =v, — Ay,. 

The components v,, and v_, of a normal triplet are polarised 
perpendicular to the field (c), the components v,, parallel to the 
field (n). It is easy to figure out this type of polarisation on the 
basis of the rules of polarisation established in 
Sec. 28: evaluating the components Z and X-LiY 
of the quasi-moment qnn’ we saw that compo- 
nent Z, which corresponds to oscillations of the 
electric vector parallel to the field (x-component 
of radiation), disappears for all AM>0, while 
the complex component X-riY, perpendicular 
to the field (the o-component of radiation), is 
diferent from zero only when AM ——- I. 

Anomalous Zeeman effect. However, magnetic 
splitting of the majority of spectral lines, for 
instance the lines of the triplet system of cad- 
mium and the lines of the alkaline elements, is Pease, 
much more complicated. We can judge of the salting SEDI 
nature of line splitting in the spectrum of al- of sodium A 
kaline elements from Fig. 54, which shows the  5895.93/5889.96 A 
Paes of sodium, AA 5895.93/5889.96 A(p—'S (P$. apa 
transition). Above are the D-lines in the OE. Siih Br 
absence of a magnetic field, below, the same netic field 
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lines in a magnetic field. It will be seen that one of the compo- 
nents of the D-doublet (the *p,,,—*S,, line) in a magnetic field 
is split into 4 components, the second (the *P., — Sy, line), into 6. 
In Fig. 55, the splitting of the doublet *P—*S and the triplet 
2p —P is compared with a normal Zeeman triplet. The dashes 
above the line refer to «-components, under the line, to o-compo- 
nents. The numbers to the right indicate the observed distance of 
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Fig. 55. Magnetic splitting of lines in the normal 
(upper) and anomalous Zeeman effect 


each component of splitting from the initial line (v,) in units of 
normal splitting Ay, =psH/h (the numbers in brackets refer to 
a-components, the others, to o-components). 

The Zeeman effect that exhibits a complex splitting of spectral 
lines is called anomalous. The observed complexity of the splitting 
is due to the fact that the change in energy of the atom in a 
magnetic field in this case is expressed not by equation (30.2), 
but by the more involved formula 


AE —gMusH (80.3) 
where g is the Landé splitting factor equal to 
J-ED--S(-E)—L( FD 
g=! + WOE) : (0:9) 


It will readily be seen that in the case of single terms the Landé 
factor takes on the value | and (30.3 passes into (30.2). Indeed, 
for a single term S=0, as a result of which the numbers J and 
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coincide and g (30.4) is unity. Thus, (30.2) may be regarded as a 
special case of the more general equation (30.3). 

The fact that the Landé factor is not equal to unity in the 
case of multiplet terms (which is what produces the complex pat- 
tern of splitting of these terms in a magnetic field), is, in the 
final analysis, due to the “anomalous” value of the relation of 
the magnetic moment of the electron to its angular momentum 
(see p. 189). Let us illustrate this using the simplest case of the 
doublet S-term. Here, we have L—0 and S="/, and, hence, 
J=S, M=Ms, and also uy —ps and p— ps. We write the gener- 
al expression for the energy oi an atom in a magnetic field 
E—E,--WH (w is the projection of the magnetic moment of 
the atom on the direction of the field), and on the basis of the 
relations pip: — e/m and p.—hM; we get pi—h (e/m) M. = 
=2M, ug, or, in other words, AE =E — E,-— 2Mp gH, In the 
case of the term (*S) under consideration, the Landé factor thus 
has the value 2. It will readily be seen that the same value of g 
is obtained also from (30.4). To summarise, then, we have calculated 
{wo values of the Landé factor referring to two extreme cases, 
S=0 and L—0, and equal to 1 and 2. In all intermediate cases 
the values of g are computed from equation (30.4) and lie within 
the limits 1< g« 2. 

The Landé formula (30.4) may be obtained írom the vector 
model of the atom. The projections of the magnetic moment and 
angular momentum of the atom on the direction of the magnetic 
field may be represented in the form 


W =p cos (L, H) -- us cos (S, H) (30.5) 


and 

p'= pr cos (L, H) -«I- ps cos (S, H) (30.6) 
where HL, Hs, pr and ps are the orbital angular momentum and 
spin angular momentum and orbital and Spin magnetic moments. 
Substituting into (30.6) 


p'—hM, p, =n and 


Ps=— Hs, 
we get 
nM = 2 [e cos (L, H) + 4s cos (S, "]. 
which, together with (30.5), yields 
W — Mus -- 4 us cos (S, H) (us —5- 5) X (80.7) 
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Due to the rapid precession of the vector S (like L) around vec- 
tor J, which in turn precesses about the direction of the magnetic 
field, the mean values of the components of these vectors on the 
direction normal to the axis of precession become zero, from which 
it follows that 


ys cos (S, H) = ps cos (S, J) cos (J, H) 


or, inasmuch as cos (J, n= and s= Ps, 


Fs cos (S, H) = Mus *> cos (S, J). 


Further, from a triangle constructed on the vectors S, L, and J, 
we find 
pł = p! + på — 2pps cos (S, J), 
whence 
p*--p$ — PL 
cos(S, J) — stn 


and 
2 E 
2 us cos (S, H) — Mus ITEM 


Substituting the last expression into (30.7) and utilising the quan- 
tum-mechanical expressions of moments 


pehVIQ-D, a D and 
ps=hVSS+)), 


and also the equation 
p = gMpas 


that follows from (30.3), we get ihe Landé formula (30.4). 

The Landé formula makes it possible 
io determine g and, hence, the change Table 20 
in energy in a magnetic field in the Landé splitting factor values 
case of most terms of many atoms. The ior doublet terms 
computed values of the splitting factor 
for various terms of the alkaline metals | Term | L 


J=1/2 3/2 5/2 7/2 


are given in Table 20. lg IDE si 
On the basis of the numbers of this 2. job 

table, we obtain, for the separations S | 2/343 

between various components of magne- Á 2 4/5 6/5 

tic splitting of terms and the initial 2, (3 6/7 817| 


term expressed in units of normal split- 
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ting Av, =ppH/h, i.e., for the quantity 


AE | ug H 
FRYTE 


=gM, 


the values given in Table 21. These data permit tis to compute 
the splitting of different lines in a magnetic field. 


Table 21 
Magnitudes of magnetic splitting of doublet terms 
Term i M g | Mg 
181 1/2, — 1/2 | 2 1,—1 
Pip, 1/2, — 1/2 2/3 1/3, — 1/3 
?pa, 3/2, 1/2, — 1/2, —3/2 4/3 6/3, 2/3, —2/3, — 6/3 
"Da, 3/2, 1/2, — 1/2, — 3/2 4/5 6/5, 2/5, — 2/5, — 6/5 
*Dy, | 5/2, 3/2,-1/2 — 1/2, — 3/2, — 5/2| 6/5] 15/5, 9/5, 3/5, — 3/5, — 9/5, — 15/5 


From this table, on the basis of equation 
v — v, + (M'g' — Mg) Av, 


derived from (30.3), we find, for the componenis of splitting of 
the line 


vO = "Pin — "Si, the values yov +.7/,Av,, vert e AV, 


and for the line v9 —"*Ps, —'S,., the values yt? 4-1 Av,, 
NE Av; ye AY, Comparing these data with the experi- 
mentally obtained pattern of magnetic splitting of the D-lines 
(Fig. 54), we readily see the complete agreement of theoretical 
and experimental data as regards both the number of splitting 
components and the magnitude of splitting. The polarisation of 
splitting components as indicated by the selection rules is also 
in complete agreement with experiment. The splitting of the 
D-doublet and of appropriate terms in a magnetic field is given 
in Fig. 56, which also indicates the polarisation ol the separate 
components (x- and a-components). 

Paschen-Back effect. The anomalous Zeeman effect has the fol- 
lowing peculiarity. With increasing magnetic field intensity, line 
splitting increases in proportion to the field until the separate 
splitting components of two adjacent lines of a given spectral 
multiplet begin to overlap. At this point, which corresponds to 
transition from a weak field to a strong field, the picture changes. 


, 
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Some components merge, the intensity of others decreases with further 
increase in field intensity; as a result, given a sufficiently strong 
field, in place of the multiplet with its complex splitting there 
remain three lines with normal splitting Av, =V +, — Yo — Yo — 
—v_ =psHih, i.e, the normal Zeeman triplet. This phenome- 
non is known as the Paschen-Back effect (1912). The conversion 
of a complex multiplet (corresponding to this effect) for the case 
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Fig. 56. Splitting of terms Poja Pija and "S, and of 
components of sodium D-doublet in a magnetic field 


of the D-lines of sodium ((P— ^S) is shown diagrammatically 
in Fig. 57. ^ 

In accord with what has bee 
causes splitting of terms that is les j 
less than the separation between components of the given multiplet. 
Conversely, magnetic splitting in a strong field is greater than 
natural splitting Whence it follows that the concepts ol weak 
and strong fields are relative and are determined by the magnitude 
oi natural splitting of the terms. Ñ 

If for the measure of splitting of a term in an external magnetic 
field we take the magnitude of splitting in the normal Zeeman 
eflect and substitute, into (30.2), the value of the Bohr magneton 
(us — 9.23 X 10-* CGSM) and the Planck constant h= 
—6.62»10-? erg sec), We obtain Av, — 0.47 X 107*H cm~’, 
whence ìt is seen that a field of intensity 10,000 oersteds splits 
a term into 2Av, = 1 em™’. Comparing this value with the natural 
splitting of the first member of the principal series of sodium 
and lithium (doublet P-term), 17.18 and 0.34 cm-', we see that 
a 10,000-oersted field is strong with respect to the lithium term 
under consideration, whereas with respect to the corresponding 


n said, a weak field is that which 
s than natural splitting, i. e; 
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sodium term it is still weak. In accordance with this conclusion, 
experiment shows that the doublet of lithium A 6707.85 A, 
AX 0.13 A, unlike the D-lines of sodium, exhibits a complete 
picture of the Paschen-Back effect in a field of the order of 10* 
oersteds, 


AY normat 4Y normal 
41 p= 


^ 
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Fig. 57. Splitting of sodium D-doublet in a weak and a strong magnetic 
field K 


More precise definitions of a weak field and a strong field 
provide the key to an understanding of this phenomenon. Indeed, 
from the fact that a change in the pattern of splitting that leads 
to a normal triplet sets in when magnetic splitting becomes com- 
parable to natural splitting, it follows that the effect of a strong 
field is greater than the effect of the intra-atomic field that gives 
rise to mutual quantisation of the vectors L and S and the associat- 
ed natural splitting of the term (see Sec. 26). 

From this we must conclude that the behaviour of an atom in 
a strong magnetic field must be determined by the behaviour of 
each of the vectors L and S separately; the interaction of the 
vectors as such should be regarded as a slight perturbation which 
may be ignored in sufficiently strong external fields. In this case, 
due to independent quantisation (in the external magnetic field) 
of the vectors L and S, we must assign to them independent mag- 
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netic quantum numbers M, and Ms. 


This is illustrated in Fig. 58, 


which gives the positions of the vectors L and S, corresponding 


to the term "P, in a weak 

(simplified vector model). 
Using the quantum numbers 

of an atom in a strong magne 

equation 

AE — (M; + 2Ms ) me H, 

(30.8) 


whence, on the basis of se- 

lection rules established for 

ihe case of strong magnetic 

fields, 

AM, —0, +1 and AMs —0, 
(30.9) 


we get a normal Zeeman 
triplet with components 
yu =V tT AV, Vor 


vi y AN: 


The centre of this triplet v, 
lies between the components 
of the initial (natural) doub- 
let v,, v, at distances of v,— 


—v, ="), (v v) and v~ 
"M ls (v,— Y) Tespec- 
tively. 


(left) and strong (right) 


magnetic field 


M, and Ms, the change in energy 


tic field may be represented by the 
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Fig. 58. Space quantisation of the vectors 
L and ‘S in a weak and a strong mag- 
netic field 


Fig. 59 gives a full picture of change in the nature of splitting 


of doublet terms *S and 
field. On the 


energy of interaction of the vectors L and S 
difference of these 
In reality, however, 
(due to interaction of the vectors L and S) into two 
*p, and *Py, with energy W,-+ AE, and W, J- AE-; 
[AÉ«| .1.9, The arrows v, and v, 
—*Si 

levels are split into six levels and the 


*P level is simple). 
certain quantity W. 


\AE_ 
tions 


3| 2 


10 arrows in Fig. 
into six new levels, two of whic! 


left of this figure are two levels: 


°S, level into two. The allowed combinations 
yield 10 components of the anomalous Zeeman effect as shown by the 
59. The six °P levels in a strong magnetic field 
h coincide. It is precisely the energy 


2p when passing from a weak to a strong 


*S and *P; the 
is disregarded (the 
levels is equal to a 
the °P level is split 
sublevels 
note that 


in Fig. 59 denote the transi- 


(natural doublet). In a weak 
between these levels 


pass 
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W,=hv, that corresponds to the coinciding levels. The remaining 
four levels are situated above or below the W, level by the amount ugH 
and 2upH respectively. Two components of the *S level possess energy 
usH and —pgH. The allowed combinations AM, — 0, m l and 
AMs=0 of the five upper with the two lower levels yield six 


Fig. 59. The terms "Py Pia and?S, in a weak and a strong 
magnetic field 


lines coinciding in pairs (Fig. 59). These are the normal triplet 
with components 


Ya cw FAV, (0); v,——v, (a) and v.,—v,— Av, (0). 


The centre of this triplet v, lies between the components of the 
natural doublet (v,, v,) at distances of 


2 1 
N4— V3 (v,—v,) and VV M m (v, — v) 


(also see Fig. 56). 

The foregoing interpretation of the Paschen-Back effect also 
explains why prohibition of intercombinations is not strict. As has 
already been pointed out (p. 240), there is a definite relationship 
between the intensity of intercombination lines and. the mag- 


Sec. 31] STARK EFFECT 26! 


nitude of multiplet splitting of corresponding terms. As 
further confirmation of this thesis we give Table 22, in which the 
probabilities of transitions *p,—1S, (A — 1/1) are correlated with 
ihe magnitudes of natural splitting of lower *P-terms of the ele- 
ment analogue Zn, Cd, and Hg. The above-mentioned parallelism 
between A and multiplet splitting is evident from this table. It is 
readily accounted for on the basis of the data given in this section. 
As we know, the magnitude of multiplet splitting is determined 
by the energy of interaction of the vectors L and S. The stronger 
this interaction, the greater the splitting of the term. Further, it 
may be asserted that the stronger the interaction (L, S), the weaker, 
relatively, should be the interaction of individual s (S= RS. 
Here we have a close analogy with the Paschen-Back eflect, where 
strong interaction of the vectors L and S with an external mag- 
netic field disrupts the mutual coupling of these vectors. For this 
reason, we should expect that with enhanced (L, S) interaction, 
the individual vectors s; will become more mobile and, hence, the 
vector S, more readily “changeable”. Since a strong (L, S) inter- 
action corresponds to a greater magnitude of multiplet splitting of 
the term and since, further, the intercombination transition is 
associated precisely with a change in the S vector, it may be 
concluded that the probability of intercombination transitions 
should increase with the magnitude of splitting of terms, an il- 
lustration of which is Table 22. 


Table 22 
Multiplet splitting and transition probabilities in Zn, Cd, and Hg 
Element | Zn Cd | Hg 
1P, — °P, cm-! | 389 | 1172 | 4261 
1p, — Py, em! | 190 | 542 | 1767 


A, sec ™ | 1X10 5X 10° | 1.510? 


31. Stark Effect 


Stark effect in hydrogen. Another important force field, in addi- 
tion to the magnetic field, is the electric field. The action of an 
electric field on an atom consists in polarisation of the atom. In 
addition, in an electric field of axial symmetry the magnetic mo- 
ment of the atom is space-quantised. As a result, the initial 
energy levels of the atom change, and this is manifested in changes 
in its spectrum. The action of an electric field on the spectrum 
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of hydrogen was discovered by Stark (1913) who observed the 
splitting of Balmer lines. This phenomenon is exhibited by ihe 
spectra of all elements and became known as the Stark effect. 

Detailed investigations of electric splitting of the Balmer lines 
demonstrated that each line in an electric field is split into a 
‘certain number of components, that this number increases with 
the serial number of the line n (principal quantum number of a 
variable term); observation perpendicular to the direction of the 
electric field shows that the components are polarised in part par- 
allel.to the field (a-components) and in part, perpendicular to 
the field (o-components), The components of Stark-splitting group 
symmetrically about the initial line (this symmetry is absent in 
the case of other elements) at distances that are multiples of a 
certain minimum distance (Av,). The magnitude of spli.ting in- 
creases in proportion to the field intensity (only hydrogen lines 
obey this law). 

A rigorous solution of the problem of an atom in an electric 
field is possible only in the case of a hydrogen atom (or ion with 
one electron). Here, the action of the electric field is accounted 
for by the introduction, into the Schrédinger equation (23.13), of 
an “external” energy ez ©, where © is the electric-field intensity 
with a direction parallel to the z axis, and ez is the dipole moment 
induced in the atom. This is in addition to the “internal” potential 


energy of the atom = In this case, the Schrédinger equation 
will have the form 


Apt e (E --92 e) v —0. (31.1) 


Introduction of parabolic coordinates 5, , connected with the 
coordinates x, y, z by the relations 


x=€nsing, y—tncos q, z= + (Ee — n), 


leads to separation of the variables in equation (31.1) and, hence, 
lo the possibility of Solving it by a method similar to that of 
solving an unperturbed problem. As a result, for the atomic energy 
in this case we get a Tapidly converging power series of the form 


E—E* J EIE HEC... (81.2) 
A similar result was: obtained by Schwarzschild and Epstein as 
early as 1916 on the basis of the Bohr theory. An evaluation of 
the coefficients of this series E', Et, E$ ... shows that all its 


terms, beginning with the third, may be discarded without aflect- 
ing the accuracy of the solution. Then the expression for the 
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energy oi a hydrogen atom (or an ion with one electron) in an 
electric field takes on the following form: 


EE LEG A 4 Sr (—n)nG. (L3) 


n 


As will be seen from this equation the solution of the problem, 
to a zero approximation (E=0), is identical with the solution of 
the unperturbed problem. The first sufficiently precise approxima- 
tion yields the Stark eflect of the first order relative to the elec- 
tric-field intensity (linear Stark effect). The coefficient 


3h? 
Ei = gare (0 — Ta) 


which characterises the action of the electric field, is determined’ 
by three quantum numbers: the principal quantum number n and 
the numbers n, and n, with which it is connected by the relation. 
n—1-En, n, 4-À 

where only À may be identified with one of the earlier introduced 
quantum numbers, namely, with the absolute value of the orbital 
magnetic number m;: V |m,|*; n, and n, like à, are integral 
positive numbers and have the values (Oc dese (inc D 

The linear dependence of the magnitude of electric splitting of 
hydrogen terms, E — E°, upon ihe numbers n, and n,, and also- 
the fact that both these numbers can assume the same values. 
account for the symmetrical nature of the splitting. Indeed, noting 
that n, n,=0 and 1<n—1, from expression (31.3) we get the 
following pattern of splitting of the first four terms of the H atom 

3h 1 

(Table 23, where C= aame — h (n, -m)mu7 

From Table 23 it is seen that the number of splitting compo- 
nents rapidly increases with the principal quantum number: 
term n—1 does not split at all, term n—2 splits into 3 compo- 
nents, n—3, into 6, n—4, into 10. In the latter two terms, 
certain components coincide, so that for the term n==3 we ob- 
tain five components with different energy and for the term n—4, 
seven. It is easy to see that in general the number of splitting 
haracterised by the principal quantum 


these 2n— 1 components of a given term with 


2n’—1 components of some other term we get (2n — 1) (2n' — 1) 
n=2, n'—3) will 


* Since the angle q, in the polar and parabolic coordinate frames, denotes. 


the equatorial angle. 
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Table 23 


Splitting of the terms of the hydrogen atom in an electric field 


ninfa 2} C(nj—ns)n}] n]n, | naf à} [C (ni n) n 
1|0|0]|0 0 4131/1010 12C 
2/1) 0)0 2C 4|210]|1 8C 
2/|0/0/|1 0 4|1[0]2 4C 
2|0|1/|0 —2C 4|2|1]0 4C 
3|2|0]|0 6C 4|1|1[|1 0 
3|1|0]|1 3C 1|0/|0]3 0 
3|0|0]|2 0 4|0|1/2 —4C 
3/1/1)/0 0 41|1/|2]|0 —4C 
3|0|1]|1 —3C 4/0)2)1 —8C 
3|0|2]|0 —6C 4/0310 —12C 
Ls 


split into 15 components, the line H, (44861.33 A, n—2, n'—4) 
into 21 components, etc. The lines that correspond to AJ.— 0, in 
accordance with the rule of polarisation for m, (see p. 236) when 
observing in a direction perpendicular to the field, should be 


polarised parallel to the field 

(x-components), while the 

|| lil | lines that correspond to AA=!, 
perpendicular to the field 

wm 234 8 -432 234  (g-components). 
m Fig. 60a gives an example 


of all the 15 components of 
Stark splitting of the H, line 
computed from the following 
ll formula (which follows from 
JH o ot es 
y ar $6 “TOF voy, EC [3 (i — n) — 
9) 4) — 2 (n, — n; 
Fig. 60. Splitting of H, line i JecttT 
field: a) calculated, » dos above are the x-components, 


i below, the o-components. The 
numbers under each line in Fig. 60 represent the factor in square 
brackets in the preceding formula. Fig. 60b gives the experimentally 
observed splitting components of the H, line. A comparison of these 
two figures shows that the computed lines coincide with the 
experimentally found lines both as regards the magnitude of split- 
ting and the polarisation of the components. It may be added 
that good coincidence is also obtained for the intensities of the 
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components (we have in view relative intensities). The absence, 
in Fig. 60b of certain lines found in theory is, apparently, due 
to their low intensity. The situation is similar in the case of 
dn Balmer lines of hydrogen and He* lines that have been 
studied. 

Stark effect in complex atoms. Unlike the hydrogen lines, line 
splitting of other elements in an electric field is unsymmetrical 
relative to their original position in the spectrum. An idea of 
the nature of Stark splitting of terms and spectral lines in this. 
case may be had from Fig. 61, which shows the Stark effect of 
the D-doublet of sodium 1,5895.93/5889.96 A ('P.,. 14 — Sij). In 
this figure, the dashed lines designate the original terms, the 
transitions (Pu, — S», and ?p, —*S,,,)_ that correspond to them, 
and the original doublet (below). The solid lines denote the terms, 
transitions, and lines in an electric field. In accordance with the 
fact that the energy of the induced dipole (see below) is negative, 
the energy of the atom in all three states (Po, Pia, and Si) 


The quantum-mechanical theory of the quadratic Stark effect 
of complex atoms was given in 1927 b Unsold. For the magni- 
tude of term splitting, Unsold obtained the following equations ed 


Í (n? — L5) (L? — M5 jn? — (L + 1] (L+) — MI 
AT = SUR nt 4L?—1 4(L+ 171 } 
SSOIONSCIR \ TL-1— TL TL — TL41 


(81.4) 


where T, is the term under consideration (characterised by 
quantum numbers n and L), TL-, and Try: are adjacent terms 
characterised by the same value of n. 

The diverse nature of Stark splitting of the spectral lines of hy- 
drogen and of the lines of many-electron atoms is vividly inter- 
preted by the Bohr-Sommerfeld model of the atom, according to 


* The theoretical distribution of intensity among components of line 


splitting has been disregarded in Fig. 60a. ; 
** This equation Was derived for a weak electric field, with multiplet 
splitting of the term ignored. Earlier (1922), a similar equation was derived 
by Becker on the basis of the Bohr theory. At large n, the equations coin- 


cide. 
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which the motion of an electron in a many-electron atom may 
be regarded as motion in a rapidly precessing orbit (see Sec. 22). 
The electric centre of gravity of such an orbit coincides with 
the nucleus, as a result of which the mean shift of the electron 
with respect to the nucleus (z) becomes zero. For this reason, 
the Stark effect of the first order should, in the case of such 
atoms, be absent (at least in relatively weak fields, see below). 
Designating the polarisation coefficient of an atom by œ, we ob- 
tain, for the induced dipole moment that arises due to polarisa- 
tion of the atom in an electric field, the quantity o and for the 
energy of polarisation, the quantity 


als? 
g- 


G 
E a f 66 = (31.5) 


i.e., the quadratic efect, which is actually observed in the 
spectra of many-electron atoms. 

The nature of the change of atomic terms im an electric field 
may be established on the basis of a vector model of the atom. 
In the case of a weak field, the action of the latter may be re- 
garded as a slight perturbation that does not disrupt the coupling 
between the vectors L and S (that form the vector J). The direction 
of the electric field fixes in space the direction of the z-axis, on 
which the vector J is projected; projections of the latter (in units 
of h)assume the values M—--J, +(J—1),... 

Since the polarising action of an electric field on an. atom 
depends on the orientation of the latter with respect to the field 
direction (the orientation is determined by M), one should expect 
splitting of the term. However, unlike magnetic splitting, the 
number of components of electric splitting of a term is not equal 
to 2J-+-1 (the number of different values of M) but to a magni- 
tude roughly half that, since the energy of an atom in an exter- 
nal electric field is determined by the square of the number M 
and, consequently, is the same in two states that difler only by 
the opposite direction of the projections of vector J (-l- M and — M). 
. Indeed, since the polarisability of an atom and, consequently, 
its energy in an electric field (31.4) does not depend on the di- 
rection of rotation of the electrons and is determined only by the 
general distribution of electricity in the atom with respect to the 
field direction, this energy in states +M and —M should be one 
and the same. Denoting the absolute values of projections of the 
vector J by 9—|M| and the coefficients of polarisation that 
correspond to different orientations of an atom in an electric field 
by ag, we will obtain as many diferent coefficients and, hence, 
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the same number of splitting components of the term 


Ay G? 
m 


as the number Q assumes values (lor a given J), namely, J--1 
in the case of integral J and J-|-'|, in the case of half integral J. 
In this case, all components that correspond to 20 are doubly 
degenerate. Therefore, when a magnetic field is superposed on an 
electric field, each such component splits into two (corresponding 
io -+M and —M) and we get the number of components that 
correspond to the case of a magnetic field, i.e., 2J-+-1. 


007 


QUA JA 2272777) 
3 40474 


2 4 


4 £ 6 n 
E?x10°*valts 
Fig. 61, Stark effect Fig. 62. Electric splitting of po- 
of sodium D-lines. lassium doublet *P,/9, 5/2 — Sje 


Dashed portions in- 

dicate terms and 

lines in the absence 
of a field 


Let us now consider the earlier examined example (Figs. 61 
and 62) of terms *S:,, *P,, and 'Ps,. To one degree or another 
(depending upon the appropriate coefficients of polarisation a), 
all three terms are shifted towards lower energies. In addition, 
the latter one is split into two components (J-1-'|,— 2) in an 
electric field. We thus obtain two components *Py,(Q—=*/,, '/,) 
and one compotent each of 2P., and *S,, (Q=="/,). Combining 
three components *P with the *S-term, we get three lines: 

Py, — Sr, (Q' = "|, — 9="],), Ps, — Si (2 =], 9 "19 

d aud *P,, — Si, (Q' — '/, — 9 =). 

Passing to strong fields, when the magnitude of electric split- 

ling becomes greater than the natural splitting of the given 
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multiplet term, the interaction of vectors L and S may be regard- 
ed as a slight perturbation superposed on the action of the 
external field. In this case, the vector L is quantised as 
an independent vector (cf. the Paschen-Back effect), and each 
term is split into 2L-|-1 components, of which only L+1 
have different energy. To describe these components, use is made 
of the number A—|Mi| and the symbols 2(A=0), Il (A= 1), 
A(A=2), ... Space quantisation of the vector L in an electric 
field causes it to precess about the lines of force of the field, 
as a result of which the mean value of the L-vector component 
perpendicular to the field becomes zero. The spin S is quantised 
in a magnetic field produced by the L (A)-vector component paral- 
lel to the field; this is manifested in the fine structure of each 
A-component. 


Fig. 63. Term n=2 in a weak anda strong 
electric field 


In strong electric fields, the quadratic relationship of the mag- 
nitude of Stark splitting (or shift) of lines that is observed for 
weak fields is replaced by a linear one, and as a result the form 
of the spectrum begins, more or less, to resemble the pattern of 
splitting of hydrogen lines. Let us take Fig. 63, which gives 
a schematic picture of the behaviour of term n—42 in an electric 
field. Here, the level n—2 corresponds to the hydrogen term 


a. In reality, however, this term is split into two terms a and 
n 


R- that correspond to two possible values of the azimuthal quan- 
n 


2 

ium number, L—0O and 1. In a weak electric field, these terms 
are split into three terms corresponding to the values of the 
number J—L—1 (two terms) and 0 (one term). Here we take 
J=L, because interaction of spin with the orbital angular mo- 
mentum is disregarded. In a strong field, these three terms also 
pass into 2n—1—3 terms with symmetrical splitting (Stark 
effect in hydrogen). Transition to the linear effect is’ due to 
disturbance of precessional motion of the electrons in the atom, 
as a result of which the linear effect in a weak field cancels. 
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Comparing Figs. 63 and 59 we see that the change in the 
pattern of electrical splitting of terms when passing from weak 
to strong fields is, to some extent, analogous to the Paschen-Back 
efect. However, this analogy is stopped by the fact that the 
efiects of higher orders (AT=a€+bG*+...) that disturb the 
symmetry of splitting increase with stronger electric fields. These 
effects are also found in the hydrogen spectrum (in fields of in- 
tensity exceeding 10° V/cm). For this reason, Fig. 63 must be 
regarded as an idealised scheme that is not accomplished in re- 
ality. $ 

The Stark effect in a molecular field. A series of facts indicates 
that the action of a molecular field can, in many cases, be re- 
duced to the action of an electric field. The action of a molecular 
field frequently manifests itself in broadening of spectral lines, 
which is due to the interaction of atoms and molecules in their 
collisions (collision broadening). Without going into a considera- 
tion of other causes of broadening of spectral lines (the Doppler 
effect. for instance), we merely note that when the main part 
is played by collision broadening there is observed a parallelism 
between the measured line width and the magnitude of their 
electrical splitting calculated from the linear Stark effect. Whence 
it may be concluded that in these cases the cause of line broad- 
ening is the action of the electrical molecular field on the atom- 
ic terms. The fact that discrete splitting components are not ob- 
served is due to inhomogeneity of the molecular field. It may be 
added that according to Holtsmark the intensity of a medium mo- 
lecular electric field may be computed from the following formulas: 
(© =3.25 eN’sV/em when the field is created by ions, Œ= 
= 4.54 PN Vjem when the field is produced by dipoles, and 
(© —5.5QN's Vjem when the field is produced by quadrupoles. 
Here, N denotes the number of ions or molecules in one cubic 
centimetre, e is the ion charge, P the dipole, and Q the quadru- 
pole moments of the molecule. 

Under certain conditions, in addition to broadening one can 
observe also a splitting of lines under the action of the molecular 
field, similar to the splitting in an external field. Thus, a study 
of the ultraviolet absorption spectrum of mercury in various liquid 
solvents (water, alcohol, hexane) shows (Reichardt and Bonhoeller, 
1931) that in place of the resonance line 2537 A ('P, —'S,) there 
are {wo lines, which, to a certain degree (dependent on the nature 
of the solvent and the temperature of the solution), are shifted rela- 
tive to the resonance line. We may assume that these lines are com- 
ponents of Stark splitting of the line 42537 A. This is supported 
both by the number of components and the order of magnitude of 
the mean electric field calculated from line splitting. Indeed, since 
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for an excited term 'P,, L—1 and for the principal term iS, L=O 
the first one of them should split into L- 1 —2 components, while 
ihe second does not split (L-l-1— 1). It is as a result of the 
combination of two splitting components of the term "P, with 
the term 'S, that there appear two lines in the absorption spec- 
irum of a mercury solution: If (P,, A—1) —Z('S,, A=0) and 
XP, A=0)— È (Sp A=0). 

A comparison of the magnitude of the observed splitting with 
the-splitting of line 12537 A in an external electric field of in- 
tensity 10* V/cm yields, for the molecular field (on the assump- 
tion of the quadratic effect), an intensity of about 30 >< 10° V/cm, 
which is in good agreement with the values obtained from other 
data. 

It may be added that extension of the Stark effect theory to 
atoms in crystals led to the development of a theory of the 
crystalline field, which represents an important division of theo- 
retical (quantum) chemistry. 


CHAPTER 7 
THE NATURE OF CHEMICAL FORCES. THE MOLECULE 


32. Electrovalent Bond 


Electronic concepts in chemistry. Studies of atomic spectra, to 
which chapters 5 and 6 were devoted, show that all the basic 
spectral regularities are a clear reflection of peculiarities in the 
electronic structure and of the nature of the electronic states of 
the atom. Quite different is the situation as regards the chemical 
properties of atoms. True, the electronic structure and the elec- 
ironic states are also essential in manifestations of the chemical 
properties of atoms. Hewever, there is no sense in considering 
the chemical properties of an isolated atom because these prop- 
erties are manifested only in the presence of other atoms with 
which the given atom interacts chemically. In other words, the 
effects of chemical properties of an atom, and, hence, these 
properties themselves belong not to a single atom but to an en- 
semble of atoms (in the simplest case, two atoms), the interaction 
of which leads to the formation of a molecule. „For this reason, 
in contrast to the spectral properties of atoms, the investigation 
oi their chemical properties, like the study of the chemical 
forces as such, is naturally based on a study of the structure 
oi molecules and their physical and chemical properties. 

The various combinations of atoms of one or several elements in 
a molecule give rise to the diversity (over a million) of chemical 
substances found in nature or created artificially. The modern 
concept of the molecule (like that of the atom) came from chem- 
istry. One of the first to introduce into science the concept of 
molecules was the founder of physical chemistry, Lomonosov, 
whose ideas in various branches of knowledge were many decades 
ahead of scientific thought in the leading countries of the West. 
Calling atoms elements, molecules corpuscles, and chemical sub- 
stances fundamentals, Lomonosov wrote in 1741: “Corpuscles differ 
when their elements differ and are combined in different ways or 
in different numbers; it is upon this that the infinite diversity 
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of bodies depends. A fundamental is a body consisting of identi- 
cal corpuscles. A mixed body is one that consists of two or 
several fundamentals so combined that each separate corpuscle 
contains fundamentals in the same ratio ... as the entire mixed 
body.” From these words we see that already for Lomonosov 
constancy in the composition of chemical compounds was not an 
unsettled question, as many scientists in later years still con- 
sidered it. 

‘An essential contribution to the development of an understand- 
ing of the structure of molecules was made by Butlerov who 
created the theory of chemical structure (1861), the underlying 
principle of which is: "Starting with the concept that each chem- 
ical atom that makes up a body participates in the formation 
of this body and operates via a specific quantity of force inherent 
in it (affinity), I call chemical structure a distribution of action 
of this force, as a result of which the chemical atoms (acting 
upon ore another directly or indirectly) combine into a chemical 
particle.” And further: “The chemical nature of a complex particle 
is determined by the nature of the elementary component parts, 
{heir number, and chemical structure.” 

Butlerov’s views on the mutual influence of atoms in a mole- 
cule were further developed in the works of his pupil Markovni- 
kov. The Butlerov-Markovnikov doctrine on the mutual effect of 
atoms became one of the chief components of the theory of struc- 
ture. However, the chemically established structural peculiarities 
of diflerent classes of compounds and also numerous empirical 
regularities and rules were purely descriptive and required an 
interpretation from the point of view of the internal structure 
of molecules, i.e., theoretically. This could be done only through 
physics, which had always played a particularly important role 
in structural studies of matter and which became still more im- 
portant with the advent of the electron theory of the atom. 
Attempts to explain chemical facts on the basis of the latter led 
to definite concepts concerning the structure and chemical proper- 
ties of molecules known as electronic concepts in chemistry. 

The main problem with which chemistry coníronted the electron 
theory of the atom was that of the nature of chemical forces. 
This is a problem of the physical substantiation of the very 
existence of molecules. Attempts to resolve this problem within 
the framework of the Bohr theory of the atom were unsuccessful, 
and a proper solution began to emerge only with the advent of 
quantum mechanics. However, due to the fundamental fact that 
chemical forces are of an electrical nature, certain phenomena or 
groups of phenomena could be interpreted qualitatively and could 
be given a model-type interpretation even within the framework 
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of the Bohr electron theory of the atom. This includes the problem 
of elect rovalent chemical bonding. 

Kossel theory. The classical theory of valence deals with such 
concepts as valence numbers, the type of chemical bond (single, 
double, and triple bonds), saturated and unsaturated compounds, 
etc, These concepts require a physical interpretation. The first 
successful attempt at such an interpretation of the phenomenon 
of chemical reactivity and valence numbers was made in 1916 by 
Kossel, who proceeded on the basis of the Bohr theory of the atom 
and Mendeleyev's Periodic Table. The approach yielded the closed 
nature of the outer eight-electron shells in the atoms of the inert 
gases, which for this reason were extremely s/able physically and 
saturated chemically. In the opinion of Kossel, underlying the 
chemical activity of every atom is its tendency to a closed outer 
poen shell imitating the electronic structure of an inert-gas 
atom. 

We distinguish valence with respect to hydrogen, or positive 
valence, and with respect to fluorine, or negative valence. Positive 
valence is determined quantitatively by the number of atoms of 
hydrogen that a given atom is capable of substituting in a chem- 
ical compound. Negative valence is determined by the number 
of atoms of fluorine (or a double number of atoms of oxygen) 
that are subject to substitution. Considering the maximum posi- 
tive valence of various elements (we, of course, disregard “ano- 
malous” elements), i.e., the valence that these elements have in 
their saturated compounds, it will readily be seen that it corre- 
sponds exactly to. the number of the vertical column of the Periodic 
Table in which the given element lies. To illustrate, sodium, in 
the first column, is univalent (NaF, Na,O), magnesium is bivalent 
(MgF,, MgO), aluminium is trivalent (AIF,), silicon is tetravalent 
(SiF,, SiO,), phosphorus is pentavalent (PF,, P,O,), sulphur is 
hexavalent (SF,, SO,), chlorine is septivalent (C1,0,). The valence 
of inert Ar, in the zero column, is zero. On the other hand, the 
number of outer electrons of an atom is also equal to the number 
of the corresponding column. Consequently, the maximum positive 
valence of an element is equal to the number of its outer electrons. 
For this reason, the outer electrons of an atom are frequently 
called valence electrons. 


an element is equal to the difference between the number 8 and 
the number of outer electrons, Thus, silicon is tetravalent (SiH,), 
phosphorus is trivalent (PH,), sulphur is bivalent (H,S), chlorine 
is univalent (HCI). Consequently, as was noticed by Abegg and 
Bodlander as far back as 1904, the sum of maximum valences 
(positive and negative) is eight, which is the number of electrons 
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in the L- or M-group (incomplete). This indicates a connection be- 
iween the valence of an atom and its outer electrons. 

It is these regularities related to the stability of the inactive 
eight-electron shell of the atoms of the inert gases that lead to the 
concept of atomic valence developed by Kossel. According to this 
theory, each atom with an incomplete and, therefore, chemically 
active outer electron group strives towards a complete eight-electron 
outer shell. This can obviously be done either by the atom giving 
up its extra (outer) electrons or by acquiring the needed electrons 
from other atoms. In the first case the atom is ionised positively” 
exposing a complete inner group of electrons, in the second case, 
it is ionised negatively and completes its outer electron group at 
the expense of extraneous electrons. The probability of a given 
process is determined by how advantageous it is energetically. 
Thus, the atoms Na and Mg, which readily give up their outer 
electrons due to comparatively low ionisation potentials, are ionised 
positively. The Na atom with eight M-electrons, i. e., Na +7 extra 
electrons would, energetically, be an extremely unstable system, 
because due to its comparatively low charge (Z— 11) the Na 
nucleus would not be able to hold 18 electrons. Conversely, the 
Cl atom with 7 outer electrons readily acquires the missing elec- 
iron, because an enormous energy is required to tear 7 electrons 
out of the CI+? ion. We recall that the negative chlorine ion C^, 
even in the free state, has less energy than the system Cl- elec- 
iron (positive electron affinity). 

Due to the low ionisation potentials of atoms of the alkaline 
elements (Me) and to the great electron affinity oi the halo- 
gen atoms (X), MeX compounds are readily formed when these 
iwo combine. This is a process that proceeds, according to Kossel, 
by the scheme 


Me+X— Me* eX-- Me* X; 


Oppositely charged ions that form this compound mutually attract 
in accordance with the Coulomb law; the force of this attraction 
is what gives the compound its strength. 

On Kossel's theory, a similar scheme is followed in the formation 
of all heteropolar chemical compounds. Thus, on this theory the 
saturation of positive chemical affinity, i.e., the manifestation of 
positive valence, consists in the atom giving up its valence (outer) 
electrons, which are captured by the other atoms (combining with 
this atom) that saturate their negative affinity in this way. 

- A somewhat generalised Kossel theory of valence can also accom- 
modate definite classes of complex compounds, which, according to 
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Werner, are characterised by what is known as coordination bond- 
ing. These compounds go beyond the conventional concepts of va- 
lence and make up a special group. The characteristic. peculiarity 
of this group is that the maximum valence of a given atom is 
independent of the number of the group in the Periodic Table in 
which this atom occurs. Assuming a purely formal existence of 
special: supplementary valences alongside the principal ordinary 
valence, one may introduce a coordination number which is equal 
to the sum of the principal and supplementary valences of the 
given atom and determines ihe number of univalent atoms or radi- 
cals that can combine directly with this atom By way of illus- 
tration, let us consider the complex compounds Ni (CO),, Fe(CO),, 
and Mo(CO),. Since the valence of the CO group is 2, the coordin- 
ation numbers of Ni, Fe, and Mo must be 8, 10, and 12, respec- 
tively. It is readily seen that these numbers are equal to the 
number of missing electrons required to bring the electron shell of 
the given atom up to the closed shell of the inert-gas atom in the 
immediate vicinity. Indeed, the electrons in the outer shells of 
these atoms are distributed as follows: 


Atom 3s 3p d 4s 4p 4d 4f 5s 5p 


Fe 2 6 2 

Ni 2256 SS E 

‘Kr 2) 6 10-2 6 

Mo 2. 6.102: 162 5 1 

Xe. 2 6 "010 MEDIO 256 


We see that Kr has 10 electrons more than Fe and 8 more 
than Ni, and Xe has 12 more electrons than Mo. This leads to 
the conclusion that the complex compounds under consideration 
are completed systems, the central atom of which has a completed 
symmetrical shell of the corresponding inert gas. The electrons of 
atoms or atomic groups (CO) that are in the immediate vicinity 
of the central atom participate, together with the valence electrons 
of this atom, in the formation of this shell. 

Kossel’s theory, which reduces chemical interaction to purely 
electrostatic forces, is quantitatively applicable only to a very 
limited range of compounds called ionic or heteropolar. These com- 
pounds have a series of characteristic physical and chemical 
properties of which the outstanding are ionic structure of their 
crystal lattices, electrolytic dissociation of their solutions and 
melts, high melting points, specific spectral properties, ete. The 
ionic structure of the molecules of these compounds permit con- 
sidering the chemical intramolecular forces that condition the 
stability of ionic molecules as forces of electrostatic (Coulomb) 
attraction between oppositely charged ions. It must, however, be 
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borne in mind that this representation, like any model, is arbi- 
trary. : 

The theory of ionic molecules. A quantitative theory of ionic 
molecules was given by Born and Heisenberg in 1925. This theory 
proceeds from Born’s theory of crystal lattices, which is based 
on the following concepts. In the simplest case of cubic ionic 
lattices, the potential energy of unit volume of the lattice may, 
approximately, be represented in the form 


u=— —1 — (32.1) 
where the term — E is the attraction-force potential that expresses 
the mutual potential energy of oppositely charged ions consid- 

2 
ered as point charges, while the term HE is the repulsive-force 
potential. Equilibrium of ions in a crystal is determined by the 


condition 
du 
(i)... 79 


where r, is the equilibrium distance between ions (lattice constant). 
From this condition we have 


b= E (mH 
whence for the energy of the lattice we get 


u= [i ab (3). (32.2) 


n T 
The equilibrium energy, accordingly, turns out equal to 


paene (82.3) 


P, n fg 


The lattice constant r, is determined from X-ray analysis of the 
crystal. The quantities a and n are found from measurements of 
the heat of formation of the crystal from the atoms (Q), of the 
ionisation potential (I) of an electropositive atom, and of the 
electron affinity (E) of an electronegative atom, and also from 
the compressibility of the crystal. Indeed, the molecular energy 
of the crystal lattice U,=Vu, (V is the molar volume). on the 


Sec. 32] ELECTRO VALENT BOND 9277 


basis of the following circular process, 


Me* X — mex) 
256 
Me +X7 % 
is connected with the quantities Q, I, and E by the relation 
U,=Q+el—E. (32.4) 


Thus, the energy of the lattice U, may be determined by measur- 
ing Q, I, and E. As for the compressibility of the crystal, by 
proceeding from the definition of the coefficient of bulk compressi- 
ility, x, 


tant 


d 
% dv’ 


it is possible, due to the fact that 

dU d 

p=— ay and Gy a 
to express the quantity 4 as 
1 dU /dr M , dU d'r 
mcs n (Gy) iar iv] z 

Noting that the volume of the crtystal V—=Nr’, where N is the 
number of molecules in the volume V (and Nri— 1), we find, 
irom this expression and from (32.2), 

1 n 


——- o 


xe 9 


Knowing T, * and u,, it is possible to determine a and n from 
the latter relation and (32.3). Thus, for ions with the electronic 
structure of neon (Na* and F^, for instance), we can obtain 
a value of n close to 7, for ions with the electronic structure of 
Ar (for example, K* and Cl-), the value n z-9, for ions with 
the electronic structure of Kr and Xe, values of n = 10 and 12, 
respectively. As may be seen from (32.3), the magnitude of lattice 
energy is but relatively slightly affected by a change in n. For 
this reason, a single value oi n is often used wlien considering 
crystals of one type. For instance, n— 9 is often taken for crys- 
tals like NaCl. In the case of crystals of this type, a magni- 
tude of the order of unity is obtained for the constant a, calied 
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the Madelung constant. In the general case, this constant may be 
calculated from the geometrical structure of the crystal. 

Born and Heisenberg calculate the bond energy of NaCl-type 
ionic molecules taking into account the following interactions: 


1) Coulomb attraction of free ion charges (—=); 2) mutual re- 

pulsion of ions, the potential of which they assume equal to 
2 

aake (see above); 3) attraction of free ion charges by dipoles 


r? 
p, and p, that appear due to polarisation of the ions (—, =) 


and, finally, 4) interaction of the dipoles (32e), Thus, taking 


2 2 
into account also the quasi-elastic energy of dipoles (2) + E 
2 


204 
(a, and æ, are coefficients of polarisation of the ions), we have, 
for the potential energy of an ionic molecule (considering the 
energy of the molecule dissociated into ions equal to zero), 


ei be? ep, ep.  2PıP: pi [A 
U r Sl qe e qm [n Elo EE 


From the conditions of polarised equilibrium, = and 
1 


d 
B 0, we have: 


9p, 
ae | 2a. Qè , 2a 
pus p. and P= tae Pe 


whence, expanding into a power series in terms of l/r, we find 


2 
ae , 2a,a,e 4a 0e 
pi a + 3 erie aid 
ae | 2a e 4a, oe 
p.— Dog [t5 d oq 3E ae 


Substituting p, and p, into the expression for U arid disregarding 
powers of r above the ninth, we get 

U et (@ +a) 2a,a,e7 , be? 

T 2r* Hac dep 


The potential energy of a molecu'e consists of two parts: 
U-—U,--U,. The first, 


et (a, +a) e | 2m,o,e* 
U= ea : n S <0, 
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corresponds to the force of attraction, the second, 


U,— 5» 0, 


io the force of repulsion. In Fig. 64, both parts of the potential 
energy are represented by the curves U, (r) and U, (r). Since the 
second and third terms in the U ` 
expression for U, become percep- 
tible only for small r, at suffi- 
ciently large distances the quan- 
tity U, is determined almost sole- 
ly by the term e*/r, and the ap- 
propriate portion of the curve 
U, (r) is a first-order hyperbola. 
At these distances, the energy U 
is totally determined by U,, be- 
cause U, is here also practically 
zero. But at short distances, the 
curve U, passes into a higher- 
order hyperbola, deviating from 
the original first-order hyperbola 
(dashed line). Here, U, already Fig. 64. lnteraction energy of ions 
becomes noticeable and increases in ionic molecule 
rapidly with decreasing distance 
(in accordance with a ninth-order hyperbola). Addition of the curves 
U, and U, yields the curve U, which corresponds to total poten- 
lial energy of an ionic molecule. This curve has a minimum at 
a certain definite distance r, which corresponds to the equilibrium 
position (equilibrium distance). When r < r, the quantity U increases 
rapidly, passing through zero into the region of positive values, 
which corresponds to a preponderance of repulsion forces. 

The quantity r, is determined by the third condition of equili- 

; dU P AR A 
brium, a9 which expresses equilibrium of all forces inside 
a molecule. This condition leads to the equality 


9b 


rp 
Te 


IIBER E. 
Te Te 
Substituting b into the expression for U, we obtain, for the 
energy of the molecule in an equilibrium state, the expression 


f [8 | Slayton) | dnas 
U--£|s- e Paar sa (32.5) 


Fe 18r? 9r? 
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U, is connected with the energy of dissociation of the mol- 
ecule into two ions D; by the relation 


D, ——U,. (32.6) 
Thus, D, may be computed from (32.5) if the appropriate values 
of r, and œ are known. We note that D, is connected with the 
energy of dissociation of the molecule into neutral atoms D by 


the relation 
D,=D-+el—E. (32.7) 


Table 24 gives the values of r, obtained by the electron dif- 
fraction method * for molecules of the NaCl type. 


Table 24 
Equilibrium distances between ions in NaCl-type molecules 


ES Te A 


| Mole- ; 
cule | cule Ter Te ^ 


| 
NaCl} 2.512-0.03| KCI | 2.79--0.02 | RbCI | 2.89+0.01 CsCl | 3.06--0.03 
NaBr| 2.642-0.01| KBr | 2.942-0.03 | RbBr | 3.062-0.02| CsBr | 3.14--0.03 
Nal 2.902-0.02| KI 3.232-0.01 | RbI 3.26--0.02 || CsI 3.412-0.03 


Table 25 gives the values of polarisation coefficients for a num- 
ber of cations and anions. 


Table 25 

Polarisation coefficients of ions (in cm?) 
Ion | Li+ Nat | Kt | Rb*|Cst E- | a- a | I 
a 105 0.075 | 0.21 | 0.87 | 1.81 | 2.79 | 0.99 | 3.05 | 4.17 | 6.28 


The values of the heats of dissociation (in eV) oi molecules 
of alkali-halogen salts as calculated by means of (32.5) from 
the data in Table 24 are given in Table 26 (Dj, em) together 


* During recent years, the following highly accurate values of Te 
(+0.0001 to 2-0.0003 A) have been obtained from microwave spectra: 2.3453 
(CsF), 2.3606 (NaCl), 2.6666 (KCl), 2.7867 (RbCl), 2.9062 (CsCl), 2.1704 (LiBr), 
2.5020 (NaBr), 2.8207 (KBr), 2.9448 (RbBr), 3.0720 (CsBr), 2.3919 (Lil), 
2.7115 (Nal), 3.0478 (KI), 3.1769 (RbI), 3.3150 (CsI). These data are notice- 
ably different from those in Table 24; however, the cause for this difference 
has not yet been definitely established. 
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with the values of these quantities 


(Di, meas): 


Dissociation heats of molecules of NaCl-type s 


measured thermochemically 
Table 26 


alts (in eV) 


Molecule 


Di "n meas) 


Molecule D, meas 


D, calc 


Sa TM 


NaCl 5.40 | 5.27 RbCl 4.69 | 4.75 
NaBr 5.18 | 5.01 RbBr 4.45 | 4.36 
Nal 4.75 | 4.62 RbI 4.90 | 3.87 
KCl 4.83 | 4.96 CsCl 4.44 | 4.53 
KBr 4.61 | 4.53 CsBr 4.96 | 4.13 
KI .21 | 4.04 CsI 4.02 | 3.65 


It will be seen from this table t 
culated and measured values 0 


ceed several per cent.* 
Reverting to Fig. 64, 
distance r, is the 
potential energy U, i.e., 
of the molecule. 
by considering that the energy 


position is equal to — 
find 


Te 
Te 


Decrease of r, with increasing 
(Dj) is observed not on 
be seen later on. 

The foregoing electrostatic 
the diss 
molecule, 


€—— 
* Apparently, 
Dj, meas given in 
values of Dj, cate 
wave spectra: 


it w 
less the deeper the minimum of the curve of 
the greater the energy of dissociation 
The magnitude of r, may 


e 
*.. Whence, 


ly in the case of 


the most precise values are to be considere 


the accompanying ta 
obtained by means of values of re cà 


hat the discrepancy between cal- 
f D, does not, in most cases, ex- 


ill be seen that the equilibrium 


be roughly evaluated 


oi the molecule in the equilibrium 


ior the magnitude of r, we 
-5. (32.8) 


bonding strength of the molecule 
ionic molecules, as will 


e 


theory permits calculating both 


ociation energy and certain other constants of an ionic 
ils dipole moment and frequency o 


f natural oscillations. 


d those of 
in which they are correlated with 


ble, 
Iculated from micro- 


m Di, calc Di, meas Molecule| Di, cate Di, meas 
NaCl 5.85 5.58 KCl 5.13 4.94 
NaBr 5.57 5.39 KBr 4.87 4.74 
Nal .21 5.04 KI 4.65 4.45 


It will readily be seen that here, 


and measured values of Dj 


too, 
does not exceed several per cent. 


the discrepancy between calculated 
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The dipole moment of this type of molecule may be put equal to 
P= er, — Pp, p; (32.9) 


Substituting, into this formula, the expressions given on p. 278 
for the moments p, and p, and utilising the numerical values of 
the constants r, and « irom Tables 24 and 25, it is possible to 
calculate the dipole moment of molecules of this type. The val- 
ues, thus calculated, of the dipole moments are given in Table 27 
(Poe). From a comparison of the calculated values with the meas- 
ured values (P it follows that the accuracy of calculation 
is about 10°/,. 


mesa) 


Table 27 


Dipole moments of the molecules of halogen salts Li, Na, K, 
and Cs (in debyes *) 


Molecule LiBr Lil NaCl KCl KBr KI CsF | CsCl Cs! 


The frequency of natural oscillations œ may be determined 
from an equation for small oscillations: 
d? 
M= kr) (82.10) 


m,m, 


where Mc is the reduced mass of the molecule (m, and 


m, are the atomic masses) and k is the quasi-elastic force con- 
stant. The latter may be found by expanding the potential energy 
of the molecule into a Taylor series: 


U=U,+(F),@—r) +3 (Fr) Cr+... 


Here, the subscript 0 is used to denote the values U, 2E etc., 

for r—r,. By confining the series to the first three terms of the 

expansion, we obtain, since (F) =0 (the equilibrium-force con- 
9 


[73 
dition), 


=U, +a (7), t1" (82.11) 


* |-debye = 107% CGSE. 
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whence for the quasi-elastic force we find 


[45 
f=—k(r—1)= (Gr), — 72 
and, consequently, k= ae . The numerical value of the con- 


stant k can be.obtained by using the foregoing values of re and a. 
Solution of equation (32.10) for the frequency of natural os- 
cillations yields the following expression: " 


1 k 
ssp kt (32.12) 


The values of © (Oca) calculated from this formula are given 
in Table 28 along with the measured values (meas) 


Table 28 


Oscillation frequencies of NaCl-type molecules 


KBr | KI |RbCI| RbBr RbI | CsF |CsCl |CsBr| Cs! 


Molecule |NaCl| NaBr | Nal KCl 


cat crm? | 414 353 | 296 | 308 | 243 | 199 | 256 184 |152| 455 | 221 | 163 126 
cem7?|366| 302 | 258 | 281 913 | 173 | 228| 166 | 128 385 | 209 | 139 | 101 


Omeas r 


Coincidence of calculated and measured values of bond energy 
and other constants of this type of molecule to the degree of ac- 
curacy that the approximate nature of the theory * admits, shows 
that at least in the case of ionic compounds the treatment of forces 
of chemical interaction as electrostatic forces has some exper- 
imental justification. However, despite these successes of the 
electrostatic theory in its application to a special case of ionic 
compounds, it in no way solves the general problem of the na- 
ture of chemical bonding. For a long time this problem remained 
unsolved. All the failures to resolve it during the period that 


* Quantitative agreement between theory and experiment is obtained if 
for the potential energy of the molecule we take (in place of the expression 


on p. 278) the expression 
e (ata) 201,04,€° Aen te — S 


U=— 


id 2r* r? r 
proposed by Zimm and. Mayer. The constants A, p, and c in this expression 
are determined from the condition (F =0 and from the coefficient of 


bulk compressibility and the potential of van der Waals forces. 
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preceded the advent of quantum mechanics were due to inade- 
quate information about the electron. Naturally, the problem of 
chemical bonding could be solved only on the basis of quantum 
mechanics, the application of which to problems of chemical 
structure was a new stage in the development of theoretical chem- 
istry. The quantum-mechanical interpretation of chemical regu- 
larities and facts emerged as a new trend in the development of 
the theory that became known as quantum chemistry. 


33. Covalent Bond 


Theory of the hydrogen molecule. One of the greatest attain- 
ments of quantum chemistry was a clarification of the nature of 
the chemical bond. The first step in the application of quantum 
mechanics to the problem of chemical bonding was the approxi- 
mate quantum-mechanical analysis of the hydrogen molecule car- 
ried out by Heitler and London (1927). 

Quantum chemistry proceeds from the wave equation, the form 
of which depends on the degree of complexity of the molecule. 
In the case of the hydrogen molecule, the wave equation is 

= Ap , p , Ow ?m 
2 rs weder. (E— V) p=0 (33.1) 


where 


denotes the potential energy of the molecule. In the expression 
for the latter, rą and r, denote the distances of the ith electron 
from one (a) and the other (b) nucleus, respectively; r,, is the 
distance between the electrons; r is the distance between the nu- 
clei, which distance, upon solution of the equation, may be re- 
garded as a constant parameter (fixed nuclei); E is the total 
energy of the molecule. 

Like a similar equation for a two-electron atom (see Sec. 25), 
equation (33.1) does not permit of an exact solution. We, there- 
fore, have to resort again to approximate methods of calculation. 
The problem of the hydrogen molecule was solved by Heitler and 
London by means of perturbation theory, which had earlier been 
applied by Heisenberg to a solution of the helium-atom problem 
(see Sec. 25) + 

In this method, to.caleulate the energy of perturbation, which 
determines the energy of interaction of the atoms, one has to 
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know the "zero solution”, i.e., the solution which corresponds 
to the unperturbed problem (absence of interaction between atoms). 
In this case (r= oc), equation (83.1) breaks down into two equa- 
tions that are identical with equation (24.1) for the H atom. 
The general zero solution that satisfies the set of these equations 
(i.e., the original wave equation for r—oo) is the function 
tb, (1) p (2), which corresponds to the binding of the first elec- 
tron to nucleus a and of the second to nucleus b. This solution 
leads to atomic interaction due to the so-called dispersion forces 
(see p. 445 et seq.). In the case of H atoms, these forces are in- 
significant and cannot account for the observed binding strength 
the atoms (suffice it to say that the stability of the H, mole- 
cule is not less than— even somewhat exceeds — the stability of 
the ionic molecule NaCl). 
Due to indistingurshability of the electrons, the function which 
corresponds to binding of the second electron to nucleus a and 
the first to nucleus b is also a solution of equation (33.1) when 
r— oo. For this reason, a more general solution of the problem 
i 
t 


o 


s the linear combination of the two previous solutions, i.e., 
he function 


p= iha (1) thr (2) + Pa (2) by (D. (33.2) 


In the Heitler-London method, the assumption is made that this 
function, which is an exact solution of equation (33.1) for large 
istances between atoms, may be regarded as an approximate 
solution for small interatomic distances. The square of function 


(33.2), 


Lap |? =|, (1) FL D [P+ tba 2) Ps (1) P+ 
+ 2w, (1) b, (2) Pa (2) Po (1), 


be distinguishable, though in reality this is not so) interpreted 


called exchange energy. In actuality, however, as was shown ear- 
lier (p. 200), it is unjustifiable to divide the energy into Coulomb 
and exchange energy. For this reason, the terms "Coulomb energy" 
and “Coulomb integral”, like the terms “exchange energy” and 
“exchange integral”, are conventional and do not correspond to 
any concrete physical quantity. 
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Computation of the perturbation energy (interaction of atoms) 
by means of function (33.2) yields the energy of interaction U, 
which may be represented in the form 

C+A 


U=E—2Æ,=7 5. (33:3) 


Here, C, A, and S are integrals: 
c-ef[-z—i-iIe ore oravav,, 


bi 


Ase {{/—2— 24242] ¥, 00 a (2 P O) VdV, 


bi Was Tiz 
S= f apa (1) p, (1) Ypa (2) Pa (2) dV, dV, 


The first (C) is conditionally called Coulomb, the second (A), 
exchange; E, is the energy of the ground state of the H atom 
(2E, is the energy of the H, molecule computed to a zero ap- 
proximation and equal to the sum of the energies of two isolated 
atoms of H). 

Evaluation of the integrals C and A shows both of them to 
be negative; for all values of r, the integral A is greater, in ab- 
solute magnitude, than C. The integral S is less than 1. We thus 
obtain ¢wo values of energy of the H, molecule, 


C+A 
U= as i$ <0 
and 
C—A 
Us 


The first corresponds to a stable state of the molecule, the sec- 
ond to an unstable state. 

Calculating the probability density |]? for the electron cloud, 
it may be shown that in the stable state of the molecule, the 
distribution of density corresponds to a concentration of electrons 
(electron cloud) between nuclei, whereas in the unstable state the 
electrons tend to move away from the centre of the molecule. 
The distribution of density for both states of the H, molecule is 
given in Fig. 65 a and b (in the form of isolines of density). 
The first (a) corresponds to the stable state of the molecule, the 
second (b) to the unstable state. 

Guided by the Pauli principle, we may demonstrate that in 
the stable state of the H, molecule, the total spin S must equal 
zero, while in the unstable state S—1. Indeed, since according 
lo the Pauli principle, the total wave function (including the 


ay 
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spin function) in amy state oi the molecule must be antisymmet- 
ric (cf. p. 202) and since to the stable state of the molecule (U) 
there corresponds a symmetric orbital function ap, (1) ps (2) ++ 
+", (2) y (1), and to the unstable state, the antisymmetric func- 
tion sp, (1) pp (2) — Ya (2) p, (1), to the first we must assign an 
antisymmetric function, and to the second a symmetric spin func- 
nds to S—0 and 
let state as the stable (ground) state 

let state as the unstable state. 


Fig. 65. Distribution of charge density of elec- 
tron cloud in stable (a) and unstable (b) state 
of a hydrogen molecule 


The Heitler-London theory, despite its approximate nature, 
le to account for a fundamental fact of chemistry—- 
attraction between neutral atoms and the formation of covalent 
chemical bonding. However, calculation to a first approximation 
could not, naturally, yield good quantitative agreement with ex- 
periment. Fig. 66 gives curves, obtained by Sugiura using the 
Heitler-London method, for the energy of a H, molecule as a func- 
tion of the interatomic distances (potential-energy curves) for 
stable $) and unstable (° Y) states (solid lines). The figure also 
gives the actual curves (dashed lines) obtained from experiment 
and by means of a more precise calculation (see below). Discrep- 
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ancy between the results of the approximate Heitler-London-Su- 
giura calculation and the actual curves of potential energy is 
evident from the fact that for the heat of dissociation and the 
equilibrium distance of the H, molecule (according to Sugiura) 
we get 72 kcal/mol and 0.86 A in place of the experimental val- 
ues of 103.2 kcal/mol and 0.74 A. Later, James and Coolidge 
performed the calculations to higher approximations; in the 17th 
approximation, the value of the dissociation heat of H, (103.19 + 
+0.30 kcal/mol) practically coincides with the experimental val- 
ue (103.24+0.02 kcal/mol), and the equilibrium distance does 
not differ from the measured value. * 


-7 


em 


5000 


Fig. 66. Potential-energy curves of H molecule 
after Heitler-London-Sugiura (dashed. lines are 
actual curves) 


A series of similar calculations were carried out also for other 
simple molecules (HeH, LiH, BeH*, Li,, LiF, CH, Nz Oj Fs 
etc.). Due to the large number of electrons in a molecule, these 


calculations are, naturally, far more complicated than in the case 
of a hydrogen molecule. 


The method of electron pairs. Up till now we have considered 
such properties of chemical bonding as are equally characteristic 
of simple and complex molecules; the calculations do not contain 


* In the same way, the calculated value of the heat of dissociation of 
a molecular ion of hydrogen H} (61.056 + 0.014 kcal/mol) practically coin- 
cides with the experimental value of this quantity (61.065 40.043 kcal/mol). 
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any assumptions that iundamentally limit the applicability of 
calculations solely to simple molecules. Therefore, these calcula- 
tions and the interpretation (based on them) of many earlier 
chemical views can, obviously, be extended also to complex (poly- 
atomic) molecules. True, due to their complexity, the calcula- 
tions in this case are nearly always purely qualitative or semi- 
quantitative. 

The above-discussed Heitler-London method, which was origi- 
nally applied to the analysis of the H, molecule and extended 
to other molecules, became known as the method of electron pairs 
(Slater, Pauling). Its characteristic feature, which becomes evi- 
dent already in the case of the simplest molecules, such as H, 
and H;, is the fact that it takes into account two or more struc- 
tures that do not correspond to any actual states of the molecule 
and that play a purely auxiliary role in the analysis. For the 
molecules H, and H}, such auxiliary structures are H, (1) + H, (2) 
and H, (2) 4- H, (1) (see p. 285) and, respectively, H,-J-Hj and 
Hi --H, In the case of more complex molecules, one must take 
into account, in addition to structures associated with indistin- 
guishability of electrons or nuclei (as in the case of H, and He), 
structures that correspond to diferent distribution of chemical 
bonds between atoms in a molecule. To find these structures, it 
is common to use valence schemes in which each pair of atoms 
with antiparallel electron spins is connected by a line, as is com- 
mon practice in chemistry for denoting single chemical bonds. * 
As Rumer has shown by means of quantum mechanics, given N 
electrons capable of participating in more than one chemical bond 
(such bonds are called nonlocalised bonds), the number of difer- 
ent independent, or canonical, valence schemes is 


ET 


For example, six electrons participate in the nonlocalised bonds 
of the benzene molecule C,H, and, consequently, according to the 
above formula we have five independent valence schemes. Taking 
into account only electrons participating in nonlocalised bonds, 
these five schemes may be represented as follows: 


* In the so-called resonance theory, these schemes are called resonance 
structures (see p. 291 
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To a zero approximation, in the method of electron pairs, . 
each valence scheme is described by a certain wave function w,,* 
while the total wave function, which corresponds to a given state 
of the molecule, is, according to quantum mechanics, a linear 
combination of functions %p;, 

Y= Sed Abi (33.4) 
where the coefficients a; describe the portion of appropriate dis- 
tribution of valence bonds in a given state of the molecule de- 
scribed, to a zero approximation, by the wave function W.** In 
the general case, the coefficients a; are found from the condition 
of minimum energy of the molecule. In certain cases the relative 
values of these coefficients may be evaluated even without calcu- 
lating the energy. Inasmuch as the interaction energy diminishes 
very rapidly as the distance between the interacting atoms *** in- 
creases, we may take it that in the case of benzene the quanti- 
lies a,, which are, obviously, the same for the first two valence 
schemes (which correspond to the structure of the benzene molecule 
as proposed by Kekulé), will significantly exceed a, for the three 
latter schemes (Dewar structures), i.e., a, —a, 2» a, a,, a, And 
so, in this same zero approximation, we may write i 


V —a($, 4-1), 
in other words, the structure of a benzene molecule may, approx- 
imately, be regarded as the result of superimposing two Kekulé 
structures. Due to the symmetry of the benzene molecule (this 
symmetry is retained even when one takes into account all five 
valence schemes), the bond between each pair of adjacent atoms 
of carbon comes out intermediate between the simple C—C and 
double C— C bonds (aromatic bond), and all six carbon-carbon 
bonds in the C,H, molecule are equivalent. We note that the sym- 
metry of the C,H, molecule follows from various chemical and 
physical data. Thus, spectroscopic data indicate that benzene 


v 


* The ip; functions include auxiliary structures that correspond to indis- 
tinguishability of electrons or nuclei. 
** |n the resonance theory, the coefficients a; express the weights of ap- 
propriate structures. 
*** Roughly as e'?*, where r, is a constant that may be called the radius 
oj action of exchange forces. 


- 
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possesses an axis of symmetry of the sixth order. The measured 
distance between adjacent atoms of carbon has only one value 
and is 1.40 A, which is intermediate between the length of the 
isolated C— C (1.54 A) and C=C (1.32 A) bonds. It may also 
be added that benzene, like other aromatic compounds, has a de- 
cidedly anisotropic diamagnetic susceptibility, which is satisfac- 
torily accounted for only when one assumes that all the electrons 
participating in nonlocalised bonds (so-called pi-electrons) are gen- 
eralised and the molecule has, in a certain sense, the properties 
of a superconductor. * 

A large number of different classes of compounds was consid- 
ered by means of zero-approximation valence schemes of the elec- 
tron-pair method. This method explained the existence of numer- 
ous compounds that cannot be depicted by ordinary structural 
formulas. These include, primarily, compounds with conjugated 
bonds, in particular, organic compounds with alternating double 
and simple carbon-carbon bonds, ions of the type H,O*, CO, , 
elc. Calculations showed a direct relationship between the diverse 
properties of these molecules and their structures. 

It should, however, be kept in mind that the zero approxima- 
tion of the electron-pair method is very crude and that the va- 
lence schemes in this method are only a computational procedure 
and are not accomplished in real molecules. Still less sense is 
there to speak of resonance of valence schemes or of the resonance 
ecial quantum-mechanical phenomenon. This 
is the chief methodological error of the resonance theory, which 

iarities of the approximate method of 
electron pairs as an expression of objective reality. Suffice it to 


of course. The great advantage of the zero approximation of the 
electron-pair method is that it is pictorial, which is absent from 
all the other more precise methods or more exact approximations 
of this method and which occasionally allows for a correct in- 
terpretation of experimental facts without performing extremely 
involved computations. 

We shall now deal with certain results of approximate methods 
in which it is taken that the interaction energy of two adjacent 


* The diamagnetic anisotropy of benzene and other aromatic compounds 
was studied by Pauling, London, and others. 
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atoms in a molecule is independent of the surrounding atoms 
(Heitler, Rumer). This assumption is somewhat justified by the 
frequently observed approximate constancy of the bond energy of 
a given pair of atoms (see Sec. 49). Without going into the de- 
tails of calculations that reduce to evaluating integrals like those 
of C, A, and S of the H, problem, we confine ourselves to the 
following result. For the energy of a molecule consisting of a 
central polyvalent atom A (with valence V) and the atoms B, around 
it (with valences V, while EV,—V), we get the expression 

E——C—(AB,)— (4B) —...4- 

+ (B,B,) + (B,B.) -- (8,8) +... (33.5) 
Here (on the condition that the interaction energy is divided into 
a Coulomb part and an exchange part), C is the absolute mag- 
nitude of energy of Coulomb interaction of all parts of the mol- 
ecule, the terms (AB) represent the absolute magnitude of energy 
of exchange interaction between atoms A and B; (B,B,) is the 
absolute magnitude of energy of exchange interaction between 
atoms B; and B,. From (33.5) it follows that the exchange in- 
teraction of atom A with atoms B, (like the Coulomb interaction) 
corresponds to attraction (minus sign), while the exchange inter- 
action of atoms B; and B, corresponds to repulsion (plus sign). 

Let us also consider the case of interaction of three univalent 

atoms A, B, and C (London). Calculation of the energy of such 
a system shows that the interaction energy is significantly differ- 
ent for states that correspond to different multiplicity oi ihe sys- 
tem. We have already encountered a relationship between mul- 
tiplicity (determined by 2$-++1) and stability of a system in the 
case of the H, molecule, where the singlet state ('S, S—0) was 
stable and the triplet (*E, S— 1) was unstable. Since a univalent 
atom has one valence electron and, consequently, has SI da 
ihe multiplicity of the system under consideration of three uni- 
valent atoms A, B, C may be found by calculating the total 
spin S, which is composed of three spins S, with values of afe 
According to the rule of addition of vectors we find that Su 
and '/,, hence, 2S-]-1—4 and 2. For the first case (maximum 
mac) computation of the interaction energy of the system 
yields 

E=—C-+ (AB) + (AC) + (BO), (33.6) 
i.e., the mutual exchange repulsion of al! three atoms, 

But in the case of 25-I- 1 — 2, for the interaction energy of the 
seien we e the expression 
=—C+ 


+ V (AB)? Xy ++ (BC)? — (AB) (AC) — (AB) (BO) — (AC) po ; 
(33. 
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Here, of the two solutions that correspond to the two signs of the 
square root, the first (plus sign) refers to a definitely unstable state of 
the system (E > 0). Now to decide the question of the stability of the 
second state (minus sign), it must be demonstrated that the energy 
E has a minimum for a certain geometric configuration of the 
system. Due to the mathematical complexity of this problem in 
its general form, we confine ourselves to a consideration of a par- 
ticular case that corresponds to such a state of the system when 
one of the atoms (for instance, the C atom) is removed to an ap- 
preciable distance from the others. In this case, we can obviously 
consider the terms (AC)*, (BC)*, and (AC) (BO) in expression (33.7) 
small compared with the others. Then we have 


E « —C— Y (By — (AB) (BO — (AB) (AC) = 

BS (AC) + (BO 

SIN C= (AB) [1 nni ] ; (33.8) 
From this equality it follows that atoms A and B are attracted 
(stable state of molecule AB), and the removed atom C is repelled 
by them. It will be noted that this repulsion of the atom by a 
aang molecule gives rise to the necessity of activation in reactions 
Ike 


AB-LC=AC-+B, 


which is in complete agreement with experiment. The experimen- 
tally observed activation energy is, obviously, the energy necessary 
to overcome the mutual repulsion of the reacting particles. 

Equation (33.8) may likewise be regarded as proof of the funda- 
mental fact long since established in chemistry of the saturation 
of chemical forces, which is manifested in a constancy of composi- 
tion of chemical compounds and in the stoichiometry of reactions. 
The saturation of chemical forces first received substantiation in 
quantum mechanics. 

Summarising the result of a quantum-mechanical analysis of a 
system of three hydrogen atoms, we may conclude that saturation 
is due to mutual exchange repulsion of electrons with parallel 
spins. To illustrate the correctness of this conclusion let us exam- 
ine the following examples. From the fact that molecules HeH 
are not observed, it follows that the H atom and the He atom, in 
ground states, mutually repel. Indeed, in the ground state of the 
He (Sj) atom its two electrons have antiparallel spins. When the 
atoms He and H approach, the hydrogen electron cam, generally 
speaking, exchange with each of the He electrons. However, as a 
result of exchange with an electron with spin antiparallel to the 
spin of the hydrogen electron, there should arise a state of the 


helium atom that is forbidden by the Pauli principle because in 
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this state both electrons have the same quantum numbers. Consequent- 
ly, only the exchange of electrons with parallel spins is possible; but 
this leads to exchange repulsion of He and H atoms. Similar reason- 
ing suggests the mutual repulsion of an H atom and an H, mole- 
cule, which again is evident from (33.8). Further, inasmuch as the 
electronic structures of the inert-gas atoms are built up of pairs 
of electrons with antiparallel spins, these atoms (like the helium 
atom) repel the hydrogen atom (like any other atom), thus account- 
ing for. the experimentally observed inertness of Ne, Ar, Kr, and 
the other inert gases. Of the same nature is the mutual repulsion 
of ions (at small distances) that have the same electronic struc- 
tures as those of the inert gases, for instance, the Na* and Cl^ ions; 
by virtue of opposite charges, these ions attract at large distances 
and repel at small distances when the exchange forces of repulsion 
(with a small radius of action) become predominant (see Sec. 32). 
Of the very same nature is the mutual repulsion of saturated mole- 
cules that finds expression in the extreme difficulty with which 
they interact chemically. 

Atomic and ionic molecules. Thus far when considering molecules 
to a zero approximation in the electron-pair theory, we have not 
taken into account such valence schemes as correspond to an ¿ionic 
structure of the molecule. Yet when the Coulomb attraction be- 
tween the ions is sufficiently great, these schemes may make a sub- 
stantial contribution to the energy of the molecule. Bearing this 
in view, even when calculating the energy of an H, molecule, one 
must take into account (in addition to the covalent scheme H — H) 
the schemes H* — H^ and H- —H*, i.e., instead of the wave 
function (33.2) we must take the function which may be represented 
by the sum 


Y= apat FH by (33.9) 


where, in the zero approximation of the electron-pair method, p, 
is the function (33.2) while pin is a wave function corresponding 
to ionic schemes. True, in the case of H,, a very great energy cor- 
responds to the ionic schemes due to the large ionisation potential 
and the low electron affinity of the H atom. For this reason, the 
coefficient b comes out much smaller than the coefficient a. From 
an approximate analysis of the H, molecule, it follows that if the 
exchange interaction of the H atoms yields 80% of the bond 
energy of H,, then the energy due to the ionic structure of the 
molecule amounts to only 596 (the remaining 1596 is accounted for 
by the Coulomb interaction of the H atoms in the H, molecule). 

However, in the case of other molecules, the contribution of the 
ionic valence scheme to the energy oi the chemical bond may be- 
come very great. Such, for instance, is the case of halogen hydrides, 
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particularly hydrogen fluoride, where, due to the large bond 
energy of the HF molecule and the considerable electron affinity 
of the F atom, the energy corresponding to the ionic valence scheme 
(at distances close to equilibrium) turns 
out higher than that corresponding to 
the covalent scheme. This is seen from y 
Fig. 67, which gives the potential curves d 
(caleulated by Pauling) that correspond I-H*F 
io the ionic and covalent structures of 
HX molecules (dashed lines) together with ce 
the actual potential curves (solid lines) 
of these molecules. The figure shows WD 
that the calculated “ionic” curve HF in- 
tersects the “covalent” curve. However, Was 
if we take into account both the “cova- 
lent" and “ionic” components of the = HCl 
wave function, it turns out that in real- 
ity these potential curves do not in- 
tersect: one curve passes smoothly into 
the other; the covalent curve passes into 
the ionic curve. These new curves are 
the actual curves of potential energy of 
the HF molecule (see Fig. 67). Whence 
it follows that for an HF molecule the 
coefficients a and b in (33.9) must have à 
close values. - TTE 
Predominance of ionic structure is 
particularly great in the case of mole- wr 
cules of the halogen salts of alkali met- 
als, where, due to the small difference ——— 
between the ionisation potential of an xcd al 
alkali metal atom and the electron af- 
finity of the halogen atom ihe sonic re j 771 
curve in the region of sma interatomic — ,. 

distances lies considerably lower than the PUn AR aU curves o 
“covalent” curve. From an analysis of potential energy of HX mol- 


these molecules it follows that the energy ecules (X =F, Cl, Br, 1) 
alter Pauling 


HF 


H'+Br 


He Br 


total energy, i.e., the bond energy practically fits the ionic valent 
scheme. This conclusion is in complete agreement with the theory 
of ionic molecules of Born and Heisenberg (p. 276 et seq.). Fig. 68 
shows the potential-energy curves of the NaCl molecule. It is seen 
that the NaCl molecule, the ground state of which is composed of 
states of the ions Na* and Cl-, dissociates into neutral atoms, 


296 NATURE OE CHEMICAL FORCES. MOLECULE [Ch. 7 


We must therefore ascertain the absence oi any direct relationship 
between the origin of terms of ionic molecules and the nature of 

the products of their dissociation. 
From the foregoing it follows that the concepts of an atomic 
molecule as a molecule the 


mA MAS ground state oi which is com- 
E xi e posed of the states of neutral 

» Notch y.) atoms, and the concept of an 

/ ionic molecule the ground 

era) £ (Ch) state of which is composed of 


the ionic states of the atoms, 
are relative and applicable 
only in limiting cases. The 
ground states of the molecules 
are described by functions 
(33.9), Here, the following 
three cases are possible: 1) 
Fig. 68. Potential-energy curves of Naci 82» b. In this case, the ground 
molecule. I is the ionisation potential level of the molecule is deter- 
of a sodium atom, E is the electron mined almost exclusively by 
affinity of a chlorine atom the function p, i.e, the 

er ground state of the molecule 
originates from the states of neutral atoms (atomic molecule). 
2) a<b. In this case the molecule is ionic. 3) Finally, it may 


To r 


el-£ 


Fig. 69, Potential-energy curves of an atomic (a) and an ionic (b) 
molecule. D is the energy of dissociation of the ground state of the 
molecule 


be conceived that a and b are of the same order of magnitude. In this 
case, obviously, the concepts of atomic and ionic molecules are 
purely relative; in other words, when a predominates one may 
provisionally speak of an atomic molecule, and when b predomi- 
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nates, of an ionic molecule. It may be noted that the theoretical 
relationship between the coefficients a and b is ordinarily found 
from the minimum energy. 

The atomic or ionic character of a molecule may sometimes be 
established on the basis of various empirical criteria. For instance, 
from the foregoing we get the London criterion. Let us consider 
Fig. 69, a and b. Fig. 69 a shows an ionic curve (I) and an 
atomic curve (II) of potential energy of molecule AB for the case 
when the ionic level lies considerably higher than the atomic (atomic 
molecule). Fig. 69 b gives the same curves for an ionic molecule. 
The horizontal asymptotes of the ionic and atomic curves are 
separated by a distance el —E. It is seen that while in the case 
of the atomic molecule a continuation of the hyperbolic branch 
(dashed line) of the ionic curve (1) intersects the abscissa axis 
(zero level) at a distance r, which is comparable with the equili^- 
rium distance of the molecule rą, in the case of an ionic molecule, 
this branch intersects the zero level at a distance r, that appreci- 
ably exceeds Tẹ, Since the hyperbolic branch of the ionic curve is 
expressed by the equation 


U(—— t (el — E. 


for Tey which corresponds to U=0, we have 
g (33.10) 


I= eI—E. 


Table 29 contains data on determining the structure of certain 
molecules on the basis of the London criterion. 

In the case of two-atomic molecules, and also nonsymmetric 
polyatomic molecules, the ratio between Pat and jon (33.9) and 
the corresponding distribution oi the density of the electron cloud 
of the molecule are frequently manifested in polarity of chemical 


which the chemical interaction oi the atoms (ions) can be described 
by means of electrostatic (Coulomb) forces. Conversely, in the H, 
molecule, as in general in symmetric molecules consisting of the 
same atoms (for instance, NE Oss b, Coulomb interaction, as 
well as the role of ionic structures (Pion). becomes subordinate and 
the chemical bond is mainly determined by exchange forces: the 
chemical bonds in such molecules are nonpolar. But in molecules 
that are intermediate between these two extreme types (in the gener- 
al case, in an AB molecule consisting of different atoms) Pat 
and Pion must obviously enter into V in comparable portions, and 
the degree of polarity of the molecule must vary in line with the 
relationship of these quantities. 
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Table 29 
The structural nature of molecules determined by the London criterion 
Molecule el) eV E, eV ty A ty A Structure 
H, 13.53 0.74 1.12 0.74 Atomic 
HF 13.53 3.62 1.45 0.92 ? 
HCI 13.53 3.79 1.48 1.28 Atomic 
HBr 13.53 3.56 1.44 1.41 » 
HI 13.53 3.19 1.39 1.60 ji 
KF 4.32 3.62 21 (2.31) Ionic 
KCl 4.32 3.79 27 2.79 » 
KBr 4.32 3.56 19 2.94 i 
KI 4.32 3.19 13 3.23 i 


The more different the electrical properties of the atoms compris- 
ing a molecule, the more asymmetric its electronic structure and 
the more substantial the contribution, to the bond, of Coulomb 
interaction of atoms (ions) and, accordingly, the greater the dipole 
moment of the molecule, inasmuch as absence of symmetry of the 
electronic structure may be interpreted as the presence of certain 
effective charges in both atoms of the molecule. 

The degree of asymmetry of the electronic structure of the mole- 
cule and the direction of shift of its electron cloud are determined 
by the relationship of electronegativities of the atoms that make 
up the molecule. According to Mulliken, the sum of the ionisation 
potential of an atom and its electron affinity is a measure of the 
electronegativity of the atom, This may be substantiated as follows. 
We consider the conversion of two neutral atoms A and B into 
pairs of ions A* --B- and A~+-B*. In the first case, the total 
change in energy is equal to ela — Eg, in the second case, elg — Ea 
(Ia and Ip are ionisation potentials, E4 and Ep are electron 
affinities of atoms A and B). For identical electronegativities ol 
both atoms these energy changes will, obviously, be equal; whence 
it follows that ela + Ea =elg + Eg; that is, the sums el -+E are 
equal. The following is a table of the values of electronegativities 
Tor several elements in kcal/gm-atom (after Mulliken) *: 

Element F cd Br I H Li 
eIl+E 586 452 418 382 328 135 


It is seen that the electronegativities of the halogens and hydro- 
gen fall off in the order F CI» Br» IH. From this il fol- 


* These values were obtained by means of the ionisation potential which 
corresponds to removal of the sole unpaired electron. 
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lows that the electron clouds in molecules of halogen hydrides (HX) 
must be displaced towards the halogen, and the more considerably 
the lighter the halogen. Consequently, the dipole moments of HX 
molecules should be related as HF > HCl > HBr > HI. Indeed, 
experiment gives the following values of dipole moments of these 
compounds: 1.74 (HF), 1.03 (HCI), 0.79 (HBr), and 0.38 (HI) de- 
byes. In contrast to halogens, the electronegativity of alkaline 
elements is less than that of hydrogen. From this we conclude 
that the electron cloud in the hydride molecules of the alkaline 
elements must be shifted towards the H atom. * 

The difference in electronegativities is particularly great in the 
case of halogens (X) and alkaline elements. (Me). For this reason, 
in MeX molecules the electron cloud of the pair of valence electrons 
is so much shifted towards the X atom that it practically localises 
on this atom, so that grounds appear for speaking of the ionic 
structure of the molecule Me*X~. An experimental confirmation of 
this conclusion is the close agreement of measured values of the 
bond energy and of other molecular constants of alkaline-halogen 


cules are built up from ions, the electrostatic interaction of which 
is responsible for the chemical bond in the molecule (see Sec. 32). 

From the foregoing we can conclude that ionic, or electrovalent, 
bonding is a limiting case of chemical bonding, when the electron 
cloud of a pair of electrons that are responsible for the chemical 
bond is shifted to such an extent towards the electronegative atom 
that these electrons will actually belong to the latter. But in the 
overwhelming majority of cases the cloud of valence electrons is 
only more or less shifted towards one of the atoms from the sym- 
metrical position that it would occupy if the electrical properties 
of atoms comprising the molecule were the same. Bearing in mind 
both limiting cases (the symmetric electron cloud and the ionic 
structure), one may, in a relative way, speak of the real structure 
of a molecule as a certain intermediate structure between these 
limiting structures. 

Due to the difference in physical and chemical properties of mole- 
cules with covalent and electrovalent bonds, and also insofar as 
ihe limiting cases of purely ionic or purely covalent bonds are 
comparatively rare, it is meaningful to speak of the degree of 
electrovalence or the degree of polarity of chemical bonds. The 
natural measure of this latter quantity is the electric dipole moment 
(see Sec. 46) inherent in the bond. 

* This is corroborated by X-ray studies of crystal lattices of the hydrides 

i hich the H atom is negative. Related to this is 
also the large dipole moment of hydride molecules: thus, the computed mo- 
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34. Theory of Valency 


Valence theory (within the iramework of the electron-pair theory). 
The most important generalisation of the results of a quantum- 
mechanical analysis of simple molecules is the theory of electron 
pairs (frequently called the theory of spin valence), which under- 
Jies present-day views of covalent bonds. The formal precursor of 
the spin theory is the theory of Lewis and Langmuir, in which a 
pair of electrons is correlated with each valence line in classical 
chemistry (simple bond). This view is supported by the experiment- 
al fact that, with few exceptions, all unsaturated and, for this 
reason, chemically unstable compounds have an odd number oí 
electrons. The molecules of such compounds have a series of specific 
properties, for instance, a marked ability for dimerisation; they 
usually have intense coloration, a paramagnetic moment and other 
properties characteristic of a chemically unstable molecule. Such, 
for example, are, for the most part, free radicals (and also free 
atoms). In contrast, saturated compounds have an even number of 
electrons, yet are diamagnetic, etc. 

A common feature of the Lewis-Langmuir theory and the earlier 
considered Kossel theory (p. 273) is the concept of a tendency of the 
atoms towards an eight-electron outer shell (octet). However, unlike 
the Kossel theory, the Lewis-Langmuir theory allows for the partic- 
ipation of a single electron simultaneously in ¢wo octets. Thus, 
using Lewis' symbolism, where each outer electron is represented 
by a dot, the chlorine molecule may be represented schematically 
as follows: 

GGI; 
Here, the pair of valence electrons that takes the place of the 
valence line of classical chemistry (Cl — CI) belongs simultaneously 
to both atoms, the electron shells of which thus acquire the needed 
completion. In exactly the same way, the CCI, molecule is repre- 
sented in the form 


where in the carbon octet there participate four chlorine electrons 
p are simultaneously part of the octets of the respective chlorine 
atoms. 

In the Lewis-Langmuir theory, double and triple bonds are 
designated by two and three pairs of dots, respectively; for 
example, 
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H H 

C Gand H:C:::C:H. 

HH 
We now have four and six electrons each participating in two 
carbon octets. The remaining four and, accordingly, two electrons 
of each carbon octet are, at the same time, involved in a iwo- 
electron shell of two hydrogen atoms and, respectively, one hy- 
drogen atom. 

A two-electron shell that corresponds to a stable two-electron 
shell of the He atom is accomplished in the H, (H:H) molecule. 

Using Lewis symbolism, the ionic molecule NaC! may be repre- 
sented as 

Na" Sl: 
Here, in contrast, for instance, with the homopolar molecule Cl,, 
each electron participates only in one oclet (the inner electrons of 
the Na* ion are not shown). 

The nature of homopolar bonding, which remained unsettled in 
the Lewis-Langmuir theory, was solved as follows in the quantum- 
mechanical theory. From an analysis of the hydrogen molecule and 
certain other of the simplest molecules, we may draw the general 
conclusion that the underlying factor in the chemical interaction 
of atoms is electrical interaction of the component electrons and 
nuclei and that a simple chemical bond (for example, H—H or 
Cl—Cl) is represented by a pair of electrons with antiparallel 


The possibility of correlating the valence line of classical chem- 
istry with the electron pair (at least in the case of the simplest 
molecules) gives theoretical substantiation to the Lewis-Langmuir 
theory, which is corroborated in general outline by experiment. 
Since in the case of homopolar bonding each pair of connecting 
electrons includes, as arule, electrons belonging to different atoms, 
the valence of the atom should be determined by the number of 
ons (V). Since this number also determines the 
total spin of an a 
to S—1/2 V, we must have the following relation between the 
valence of the atom and its spin or the multiplicity of the cor- 
responding term M=2S-+1: 
V=M—1, (34.1) 
which means that the valence of the atom in the given state must 
be less than the multiplicity of the corresponding term by unity. 
The semi-empirical view of valence electrons as unpaired outer 
electrons of an atom turns out to be extremely fruitful in clari- 
fying various peculiarities of chemical bonds. And those cases when 
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a formal use of this concept leads to contradictions with the facts 
help to extend our knowledge of the nature of chemical linkage. 
According to spectroscopic findings, the following terms corre- 
spond to the ground states of elements of the second and third 
series of the Periodic Table (see Table 18): 
Ei Na ‘Be; Mg B) Al CG, SiN, P O,S F, Cl Ne Ar 
*S us *p sp 4S d ap 1S 


Whence, on the basis of (34.1), we find that Li, Na, B, Al, F, 
and Cl must be univalent, C, Si, O, and S, bivalent, N and P, 
trivalent, while the valence of Be, Mg, Ne, and Ar must be equal 
to zero. As regards the valences of Li, Na, O, F, Ne, and Ar, the 
theoretical values coincide with the experimentally found values. 
But in other cases, the theoretical valences are ¿ess than the experi- 
mental, 

Thus, from (34.1) we find V0 for the valence of Be and Mg, 
while in reality these elements are bivalent. This, discrepancy be- 
tween theory and experiment is accounted for by the fact that in the 
formation of a chemical compound both: spins of a closed pair (s*) 
of outer electrons of Be and Mg become parallel, which must 
involve the excitation of one of the electrons (for example, we may 
assume that a 2s-electron of Be becomes a 2p-electron, and a 
3s-electron of Mg, a 3p-electron). Thus, in reality we have excita- 
tion of valence in the process of chemical interaction (Mecke). 

The supposition of excitation of valence of the *nonvalent" atoms 
Be and Mg during the formation of molecules from these and other 
atoms is, obviously, tantamount to the assumption that the ground 
states of the corresponding molecules should arise out of the excif- 
ed states oi “nonvalent” atoms. The following facts support this 
view. The ground state of the BeO molecule (the same goes for 
the MgO molecule) is a singlet (S— 0). If this state were composed 
of ground states of the atoms Be(Mg) and O, which are the states 
'$(L—0) and *P(S—1), it would have to be a triplet. But when 
the O(*P) atom interacts with an excited Be (or Mg) atom, for 
instance, with an atom in the state *P(S— 1), we get states of the 
BeO (MgO) molecule with spin 2, 1, or 0, that is, quintet, trip- 
let, and singlet states, one of which (the singlet) is the ground 
state of the molecules BeO and MgO. 

The assumption that the ground state of the BeO molecule (and 
this goes for the molecules MgO, CaO, SrO, BaO, ZnO, CdO, HgO 
too) is associated with an excited state of the Be atom (Mg, Ca, 
Sr, Ba, Zn, Cd, Hg, respectively) is likewise confirmed by the 
following data. For example, considering the formation of mole- 
cules BeCl and BeCl, as a reaction of atoms Be and Cl and, respec- 
tively, the reaction of a Cl atom with a BeCl molecule, we should 


Sec. 34] THEORY OF VALENCY 303 


expect that due to the expenditure of energy associated with exci- 
tation of the valence of Be, the thermal effect of the Be-+-Cl= 
=-BeCl(D,) reaction should be substantially less than that of the 
reaction BeCl -|- Cl=BeCl, (D,). 

Since there are no experimental 3 VOR 
data, or. Beci and  BeCl, Mens ta ipe molecihs MEX and 
we take the appropriate data i 

for the halen: mals zn. Cd, dris) ip esate) 
and Hg as given in Table 30. 

from thie doble te tollens His NS |e le E Pur IE 
D, are indeed much less (by a 
factor of 2 to 4) than D,, X och | ci | 1|c | Br| I 
which is naturally accounted for 

on the basis of excitation of 


D, |50.5 s| 30 | 23 | 14 


valence. 

The participation of excited 
states in a chemical bond is a p, lios | 104] 50 | 75 | 67 | 57 
very common occurrence. For in- ' 


stance, according to Mecke, va- 
lence 4 of carbon, which is a component part of organic com- 
pounds, is due to the excited state *S (the excitation energy of 
which is 95.9 kcal/gm-atom). As we saw earlier, a carbon atom 
in the ground state (°P) must be bivalent. The valence excitation 
of the C atom, when it passes from the bivalent state to the tet- 
ravalent state, follows directly from a comparison of the thermal 
eflects of the reactions C-- 0 — CO + 256 kcal/mol (D,) and 
CO --0—C0,4-126 kcal/mol! (D,). We note here that unlike the 
earlier considered cases of formation of halogen compounds Zn, 
Cd, and Hg from atoms, D, turns out not less but more than D,. 
This is connected with valence excitation in the second stage of 
the reaction instead of the first stage. 

Further, halogen valences above | should also be considered as 
associated with excited states of the atom, like the valences of 
elements of the sixth group that exceed 2. Comparing the excita- 
tion energy of the lowest state *P (V=3) of atoms F, Cl, and 
Br, equal to 292.7, 205.6, and 180.3 kcal/gm-atom, we see that the 
excitation energy oi the F atom is roughly I'/, times the excita- 
tion energy of Cl and Br. There is just about the same difference 
in the case of excitation energies of the lowest state *"S(V —4) 
of atoms O, S, Se, and Te, which are 210.8, 150.4, 137.7, and 
196.5 kcal/gm-atom, respectively. As was first shown by London, 
itis with this diflerence that we should connect the fact that 
whereas F and O have only valences 1 and 2, respectively, all 
the other elements of the seventh and sixth groups have different 
(including higher) valences. 
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Another illustration of valence excitation is the activation 
energy in certain reactions where atoms combine diréctly. Thus, 
an investigation of the thermal decomposition of nitrous oxide 
N,O shows that this reaction, which proceeds as N,O — N,-I- O, 
involves an activation energy of about 60 kcal/mol. Whence, since 
the separation energy of an O atom from the N,O molecule is 
38.7 kcal/mol, we find, for the activation energy of the reverse 
reaction, i.e, N,J-O—N,O, 60—39— 21 kcal/mol. In this 
case, the necessity of activation is evident from Fig. 70,* which 


Fig. 70. Interaction between N, molecule and 
O atom in the formation of an N,O molecule 


shows schematically the curves of potential energy of the system 
N, --O: the repulsion curve corresponding to an absence of chem- 
ical interaction between the nonvalent molecule N,('X) and the 
atom O and a curve corresponding to the stable molecule N,O 
formed from the bivalent excited molecule N, (*X) and the atom O. 
According to Fig. 70, N, and O, which are in the ground state, 
mutually repel; however, the system overcomes this repulsion (at 
the expense of activation energy) and passes into a stable ground 
state of the molecule N,O. It is further seen that the necessary 
activation energy represents but a comparatively small portion of 
the excitation energy of the nitrogen molecule. Similar ratios 
occur also in other cases, which explains the comparative ease of 
valence excitation. 

The participation of excited states in chemical linkage (this 
gives rise to the higher valences of a number of elements) shows 


* Strictly speaking, the potential energy of the triatomic molecule N,O 
as a function of the distances between atoms is denoted by potential surfaces 
and not curves. Therefore Fig. 70 is schematic. In its construction it was 
taken that the distance between the nitrogen atoms remains constant, which 
enables us, approximately, to regard this molecule as a diatomic molecule 
and represent its energy by potential curves. 
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that formula (34.1) is of limited value and is applicable only in 
cases when the generation of energy during formation of new chem- 
ical bonds does not cover energy expenditure connected with 
valence excitation, i.e., when valence excitation is energetically 
impossible and for this reason actually does not take place, other- 
wise there is or can be valence excitation, as a result of which 
the valence of the atom will be greater than the number of 
unpaired electrons in its ground state. : 

Hybridisation. However, only in certain cases, in particular, 

. im the case of weak fields, is it permissible to identily a given 

C alent state of an atom in a molecule with some electron state of 
an isolated atom. In the general case these states must be distin- 
guished. Essentially, this difference lies in the fact that to both 
indicated states there correspond different electron configurations 
because for an isolated atom the latter (for instance, configura- 
tions sp, sd, sp*, sp*, etc.) do not, generally speaking, correspond 
to the valent states of an atom. Let us illustrate this using ele- 
ments of the second. group. As we have already seen, from the 
viewpoint of the theory of spin valence, valence 2 of these clements 
is associated with an excited triplet state to which an electron 
configuration sp corresponds. If this configuration corresponded to 
a bivalent state of the atom, one would have to conclude that 
one of the valence electrons is an s-electron, while the second is 
a p-electron. Hence, chemical bonds accomplished with these 
electrons (both the Hg—Cl bonds in the HgCl, molecule, for 
example) would have to be nonequivalent, but this contradicts 
experimental findings. Thus, from the experimental fact of the 
equivalence of these bonds there follows the identity of the states 
oi both valence electrons in the valent state of the alom. In the 
quantum-mechanical theory of chemical bonding this fact is inter- 
preted as follows. In the valent state of the atom, which corre- 
sponds to the excited electron state sp. each of the two valence 
electrons is in a mixed, so-called hybridised, state and not in the 
s- or p-state. The hybridised state is obtain:d from these two states 
and is described by a wave function that is a linear combination 
of functions corresponding to the s- and p-states. Analysis shows 
that hybrid functions ensure maximum overlapping of electron 
clouds and, hence, the strongest linkage. 

In the same way, the electron configuration of the tetravalent | 
state of carbom is not identical with the sp* configuration of the 
„excited atom C (5S) that corresponds to it, and it is not true to 
state that three of the four valence electrons of the C atom are 
p-electrons, while the fourth is an s-electron. Actually, all four 
electrons of tetravalent carbon are the same because due to hybrid- 
isation there are four identical hybridised states in place of three 
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p- and one s-state; in particular, this is apparent from the identity 
of all four C—H bonds in the CH, molecule, the C— CI bonds 
in the CCl, molecule, etc. 

Sigma- and pi-bonds. All the foregoing examples have to do 
with the case of a simple chemical bond, also called sigma-bond 
in this instance. The electron cloud of the electrons that efect 
this bond is distributed symmetrically about the line connecting 
the nuclei. Experimental proof of such symmetry of an electron 
cloud in the sigma-bond is the possibility, found in the thermo- 


1 [ 


©) ©, 
(9) 


I ' 
-electron ft electron 
Fig. 71. Model of double (c + x)-bond 


dynamic and other properties of the molecule, of a free (usually 
somewhat inhibited) rotation of one part of the molecule relative 
io the other, which is connected with it via a sigma-bond (see 
p. 349). To take the simplest possible example, we have the ethane 
molecule H,C — CH,. 

The sigma-bond may be formed both by s- and p-electrons. The 
chemical bonds in all saturated compounds are always sigma-bonds. 

In contrast to saturated compounds, unsaturated and aromatic 
compounds possess, together with sigma-bonds that bind the skel- 
eton of the molecule, a special type of bond called pi-bonds. The 
peculiarity of these bonds, which are formed by a pair o 
p-electrons, is due to the absence of axial symmetry of the electron 
cloud that they form. As a result of mutual overlapping of electron 
clouds of the two p-(z-)electrons, there are formed (on both sides 
of the line connecting the nuclei) two “bridges” that impart a 
specific rigidity* to the pi-bond. Every double bond, for instance, 
a bond between carbon atoms in the ethylene molecule H,C = CH,, 


~ * The electron cloud of the pi-bond has two planes of symmetry that 


` pass through the line connecting the nuclei. 
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consists of a sigma- and a pi-bond (Fig. 71). Because of this rigid- 
ity of the pi-bond, the relative rotation of parts of the molecule 
connected by a double bond becomes impossible and is actually 
not observed. 

This is found, in particular, in cis-frans-isomerism. that is, in 
the existence of substances of identical composition, but of differ- 
ent geometry expressed in a different relative arrangement of the 
parts of the molecule and leading to differences in the physico- 
chemical properties of the isomers. Classical examples of cis-trans- 
isomerism are fumaric acid: 


HOOC, WH 
SC= Ce (trans) 
H^ ^COOH 
and maleic acid: 
HOOC,. OOH : 
LASS AN E (cis). 


The rigidity of the C—C-bond in this and similar cases is so 
great that the transition of one isomeric form into another is not 
observed under ordinary conditions. It can occur only when the 
molecule is acted upon by a sufficiently strong agent that weakens 
the double bond, for instance, absorption of light by the molecule 
(photochemical isomerisation). It may be presumed that at least 
as regards photochemical reactions tautomeric conversion is 
accomplished as a result of the transformation of the double bond 
into a simple bond (when the molecule is excited), which trans- 
formation leads to the possibility of free rotation. In this case, 
the reaction scheme may be represented as follows: 


SW ize ie gy Pineal uA 


Gu Veiis Aad Cae 
Hee Be DSB yn ee Na le A 


Directed valency. The peculiarities of symmetry of the cloud 
of p-electrons also explains the experimentally observed phenom- 
enon of directed valence bonds (directed valences) which is the 
underlying principle of stereochemistry, or the theory of the 
geometric, spatial structure of chemical compounds. The first 
experimental proof of the spatial structure of compounds was 
obtained by van't Hoff and LeBel, who correlated the phenomenon 
of optical isomerism with the spatial structure of isomeric mole- 
cules, thus laying the foundations of stereochemistry, which has 
become an integral part of the theory of chemical structure. At 
present, as a result of numerous experimental investigations into 
the geometric structure of molecules, it has been established that 
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in addition to molecules oi linear and planar form we find trian- 
gular and pyramidal molecules, tetrahedral molecules, zigzag, 
catenary, ring-like molecules, etc. This diversity of molecular 
shapes was explained on the basis of wave mechanics (Pauling), 
which proved exceedingly fruitful in this 
c question. 

One can obviously speak of the spa- 

tial molecular structure due to directed 

b valence bonds in the case of molecules 

a with more than two atoms, that is, 

beginning with triatomic molecules. 

Since both valence electrons of the 

oxygen atom are p-electrons, the cloud 

of which has two mutually perpendi- 

cular directions of maximum charge 

Fig. 72. Directed valency density, as shown in Fig. 72, the O—H 

(Gayest: atom) bonds in the H,O molecule should be 

at an angle close to 90°, in other 

words, a water molecule should havé a triangular shape. This 
follows from the principle of quantum mechanics that a maximum 
overlapping of electron clouds corresponds to the formation of a 

chemical bond, as a result of which the H atoms should be added 

to the O atom in the directions of the axes of the p-electrons of 
the O atom, as is shown in Fig. 72. This conclusion is fully 

corroborated by experiment, in accordance with which the H,O 

molecule has the shape of an equilateral triangle with an angle 

H—O—H of 105°. Similar in structure are the molecules H,S 
(nile HSH equal o 92). He (angle H-Se HS) ED 
angle F—O—F, ay angle Cl—O— e ngle 
Cl—S—Cl, 100°), ate. EM ne 

The fact that in molecules of this type the angles between 
the same bonds are, in most cases, greater than 90° is explained 
by the mutual repulsion of electrons with parallel spins belonging 
to different atoms in the molecule. 

Unlike the molecules under consideration, molecules of type 
MeX, (the Me atom is that of an element of the second group, 
X=F, Cl, Br, I) and alsof type MeXR (R is a radical), in 
which the valence state of the central atom corresponds . to 
sp-hybridisation (see p. 305), have a symmetric linear structure.* 

Further, the occurrence of directed valences of the atoms of 
nitrogen, phosphorus, arsenic, and antimony with their three 
valence p-electrons is manifested in the pyramidal shape of the 


* We note that also the [FHF]- ion with bivalent hydrogen H7, tlie 
valence electrons of which are s-electrons, has a linear*structure, 
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molecules NH,, PH,, NF, PF, PCI, PBr,, AsF,, AsCl,, AsBr,, 
SbCl, etc. However, the molecules of analogous compounds of 
elements of the third group (BCl,, BBr,, AICI,, etc.) have a plane 
symmetric shape due to the fact that in ihe trivalent state of 
the central atom, as a result of hybridisation of one electron 
s-state and two p-states, there appear three identical states to 
which there correspond three electron clouds with axes in a single 
plane spaced 120? apart. The molecules CIF, and BrF, are also 
plane, but unlike the molecules of elements of the third group 
they are not symmetrical. 

The four directed carbon valences are tetrahedral (which has 
been known since the time of van't Hoff and LeBel) and are 
manifested .in the tetrahedral structure of molecules of such 
compounds as CH,, CCl, (and analogous compounds of silicon, 
titanium, germanium, and tin). This is also due to structural 
peculiarities of the electron cloud of the valence electrons of the 
C atom: as we have already pointed out, as a result of the 
hybridisation of one s-state and three p- 
states there appear four identical electron 
states, to which four identical bonds of a 6 
tetrahedral C atom correspond. These bonds 
are directed along the diagonals of a reg- Lor we 
ular tetrahedron and form angles of 109°28’ I Y 
between each other. i \ © ] 

In complete agreement with experiment- ^ eee 6 
al findings it follows from quantum-me- sr "3 Ne 
chanical analysis that in different com- ^ b 
pounds the carbon atom may be in different de Ae mp 
valence states with a characteristic (for each -electron shown by dashed 
of them) structure of the electron cloud. Thus, line (schematic). Axis of 
in saturated compounds the C atom always electron is perpendicular 
has a teirühedral electron-cloud configu. 9 plane: OL urawing 
ration corresponding to four sigma-bonds: 
whence the tetrahedral structure of molecules like methane and the 
other structural peculiarities of saturated compounds. In unsaturat- 
ed compounds with double bond, the C atom forms three sym- 
metric sigma-bonds that lie in one plane at angles of 120° and 
one pi-bond; the cloud of each of the p-electrons effecting this 
bond has an axis of symmetry normal to the plane of the sigma- 
bond, as shown in Fig. 73. In compounds of this type and also in 
aromatic compounds, the C atom is called trigonal (in contrast 
to tetrahedral). * 


* The valence state of the C atom in diamond corresponds to tetrahed- 
ral, and in graphite, to trigonal carbon. 
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The triple carbon bond C=C consists of two pi-bonds and one 
sigma-bond. The simplest molecules with triple-bonds are linear 
in form. Such, for example, are the acetylene molecules HC — CH,* 
the molecules of prussic acid HC — N, dicyanogen N=C—C=N, 
etc. 

The foregoing facis are a brilliant illustration of the valuable 
contribution that quantum mechanics has made to the theory of 
the spatial structure of molecules by giving a physical substantia- 
tion to many important principles of stereochemistry. 

Valence theory (within the framework of the method of molecular 
orbits). The theory of spin valence and its equivalent method of 
electron pairs, which is one of several possible approaches to the 
problem of chemical bonding, do not provide a complete solution 
io this problem. Above all, this method is limited by the exis:. "ce 
of bonds which are not provided for by pairs of electrons with 
antiparallel spins. Such, for instance, is the bond in the molecular 
hydrogen ion H; that is effected by a single electron and has 
rather considerable strength (the heat of dissociation of H; is 
61.1 kcal/mol, which is more than that of halogen molecules; the 
heat of dissociation of the strongest of these— chlorine — is 
57.2 kcal/mol). The O=O bond in the oxygen molecule is effected 
by a single pair of electrons with antiparallel spins and one pair 
with parallel spins (which, for example, is manifested in the para- 
magnetism of O,). With regard to the O, molecule, it should be 
pointed out that the demand for antiparallelness of spins in each 
pair of bonding electrons (which demand also follows from the 
necessity of satisfying the Pauli principle) is obligatory only in 
those cases when the s-electrons are valent. But when, for example, 
the p-electrons are valent, as in the case of the O, molecule, t 
Pauli principle can, generally speaking, be satisfied even without 
the mutual compensation of spins of the pair. However, such cases 
are rather rare. 

Further, we know of cases of chemical bonds effected by three 
electrons (for instance, the bond between C atoms in the benzene 
molecule). There are other kinds of bonds that do not fit into the 
theory of electron pairs (in the zero approximation of this theory). 
The inadequacy of the latter theory ** is also evident from the 
following facts: the failure to find molecules of second-group 
elements and hydrogen containing two H(MeH,) atoms with 


o 


* However, in the excited state, the C,H, molecule is bent with an angle 
C—C—H equal to 120°. APA s 

** We should bear in mind here that to a higher approximation the meth- 
od of electron pairs may be used to describe all types of chemical linkage. 
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considerable (physical) stability of unsaturated molecules (MeH 
radicals), the chemical stability of molecules with an odd number 
of electrons, such as NO and CIO,, the stability of free radicals, 
for instance, the radical of triphenylmethyl (C,H,),C, etc. All 
these and similar facts can be interpreted on the standpoint that 
a very significant role in the formation of chemical bonds is 
played by energy relationships, which are not always taken into 
account in the qualitative conclusions of the primitive theory of 
spin valence. In the final analysis, the decisive factor determining 
the stability of a given chemical compound or the possibility of 
its existence is the change in energy associated with the formation 


o- 


the compound. 

From this point of view, the most general approach is that 
eveloped by Mulliken, Hund, Herzberg, and Lennard-Jones, which 
ates that all the electrons in a molecule are divided into bonding 
ectrons, the energy of which diminishes during the formation ol 
molecule, and-anfibonding electrons, the energy of which increases 
during the process. Mulliken introduced yet another, intermediate, 
group of nonbonding electrons, the energy of which practically 
does not change during the formation of a molecule. In the first 
place, these are the electrons of the inner, most strongly bound, 
groups. In accordance with the Pauli principle, both the bonding 
and the antibonding electrons ordinarily occur in the molecule in 
the form of pairs with antiparallel spins; it is necessary, however, 
to stress the fact that in contrast to the theory of spin valence, 
the valence line here does not necessarily correspond to a pair of 
electrons with antiparallel spins (cf. the O, molecule, p. 310) and 
the unpaired electron is not necessarily a valence electron. On this 
view, the chemical stability of an “unsaturated” (according to the 
theory of spin valence) NO molecule or the chemical activity of 
the “saturated” molecules P —P* or BH, is readily accounted for. 
For example, the activity of BH,, which is manifested in the 
fact that the chemically saturated molecules are the molecules 
B,H, and not BH,, should, obviously, be attributed to the pres- 
ence, in the BH, cloud, of electrons capable of becoming bonding 
electrons in the formation of B,H, out of two BH, molecules. 
With respect to electronic structure, the BH, molecule may be 
likened to an oxygen atom with the same number ol electrons (8). 


anA 


mo 


* The chemical instability of P, as compared with N, is evident from 
the fact that in phosphorus vapour at moderately high temperatures we find 
P, molecules and not P, molecules. Accordingly, the heat of formation of P, 
out of two P, is positive and equal to 54.5 Kcal/mol, whereas, due to the 
absence of N, molecules, we must consider the heat of their formation out 
of two N, molecules as close to zero. 
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From this viewpoint, to a saturated boron hydride one can assign 
the structure H,B—=BH,, which is similar to the structure of an 
oxygen molecule O —O.* The radicals CH, and NH, to which 
everything said of BH, is applicable, are analogues of BH,. Simi- 
larly, we can also interpret the radicals CN, NO, CO, CCI,, ete., 
by attributing the chemical activity to the radical not to the, 
electronic structure of the atoms C or N but to the radical as a 
whole. 

The presence of bonding and antibonding electrons in molecules 
follows directly from a correlation of the heats of dissociation of 
neutral and ionised molecules. For example, from the fact that 
the heat of dissociation of a molecular ion of hydrogen . (2.65 eV) 
is less than that of the molecule H, (4.48 eV), we can conclude 
that both electrons in the stable state of the H, ('X) molecule 
that form the bond H—H are bonding electrons. In contrast to 
the 'S state, in the unstable state *X of the H, molecule, one 
electron is a bonding electron and one is an antibonding electron 
(inasmuch as the Pauli principle requires that one of the electrons 
should pass to a two-quantum level; this involves a considerable 
rise in the energy of the molecule), as a result of which there is 
no bond. For the same reason there is no bond in the He, mole- 
cule where we have two bonding and two antibonding electrons. 
Insofar as chemical bonding is ordinarily effected by a pair of 
electrons, it may be concluded that the kind of chemical bond 
(the number of valence lines) is determined by the difference 
between the number of pairs of bonding electrons and the number 
of pairs of antibonding electrons. Equality in the number of both 
sets of electrons signifies that there is no bond. This rule is, of 
course, purely qualitative because the same bonding effect (in the 
sense of bond energy) or the same antibonding effect is attributed 
to each pair of electrons. 

Disregarding the inner K-electrons and finding the distribution 
of electrons in the molecules of N, and CO (taking into account 
the Pauli principle), we may show that there should be four pairs 
of bonding and one pair of antibonding electrons in the electronic 
structure of these molecules in the ground state, whence we have 
a triple bond, as in the molecule N, and in CO. The predomi- 
nance of bonding electrons among the most weakly bound electrons 
in these molecules is evident from a comparison of the heats of 
dissociation of the latter with the heats of dissociation of ionised 
molecules, which can be calculated on the basis of the circular 
process 


* We should, however, point out that the B,H, molecule is diamagnetic 
Whereas oxygen is paramagnetic. 
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(3t. 
AB <—— AB* +e 
Dj.el [D« 
A+B<—A+B*+e 

from known ionisation potentials of atoms (I) and molecules (Im) 
from the equation 

D, =D el — elm (34.2) 
The values of ionisation potentials of a number of molecules and 
atoms are given in Table 31, from which, using (34.2), we find 
D,<D for the molecules N, and CO, The decrease in heat of 
dissociation when passing from a molecule to an ion is an indi- 
cation that a bonding electron has been removed. i 

Table 3l 


Ionisation potentials of some molecules and atoms 


L | HCI | up| HI 


Molecule | H, | Na | co | 0 | xo | CL | Br, 
Ten iA 15.4 ia on pado i. ndo 
Alom | H | N | G | o | [e] | Br 
LV 13.53 | 14.46 | 11.22 | 13.55 | 12.96 11.80 


In contrast to molecules H, N, and CO, in all other cases 
D, >D, whence we must conclude that the antibonding electrons 
are removed in ionisation of the molecule. 

The concept of bonding and antibonding electrons is mathemat- 
ically formulated in the method of molecular orbits, the physical 
essence of which consists in the following. To bare nuclei, which 
are visualised as fixed at a specific and constant distance from 
one another (when considering a diatomic molecule), we add 
electrons, one alter the other, and determine the configuration 
of the resultant electronic system; here we are guided by the Pauli 
principle and the facts about electron configurations obtained 
irom atomic spectra. The state of each electron is described by 
a certain wave function that characterises an appropriate molec- 
ular orbit, the properties of which determine the role of the 
given electron in the chemical bond. The mathematical solution 
of the molecular problem via the method of molecular orbits 
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is expressed in terms of molecular orbits of the electrons) and to 
calculating its energy. 

The state of a given electron in an isolated atom A is charac- 
terised by the wave function pa (atomic orbit). When another 
atom B approaches atom A the state of the electron changes. For 
a sufficiently large distance between atoms A and B, this altered 
slate may be approximately described by the wave function 
(molecular orbit), which is a linear combination of the functions 
þa and s corresponding to the occurrence of the electron in 
atoms A and B respectively (atomic orbits), i.e., by the function 
p= Ypa +p or the function p. — pa — p.* The first of these 
functions (,) corresponds to the state of a bonding electron 
because in this case we have p*—=p, -- wb --2waws, i.e, an 
increase in the density of the electron cloud in the space between 
the nuclei of atoms A and B, which enhances their mutual 
attraction. Function »p. corresponds to the state of an antibond- 
ing electron; the probability of its occurrence between nuclei A 
and B is reduced (the minus sign in the expression p°), which 
signifies a tendency of the electron to pass into an atomic orbit 
with consequent decrease in stability oi the molecule. 

As has already been pointed out, the molecular orbits of 
electrons are calculated in terms of the atomic orbits of the 
respective atoms. However, there is another approximate way of 
finding the molecular orbits. We imagine the nuclei to bé 
merged, thus obtaining an atom that corresponds to the initial 
molecule, which may be called a united atom. Here, the molec- 
ular orbits and the respective molecular terms pass into orbits 
and terms of the corresponding united atom. We thus obtain an 
approximate picture of the molecular orbits in terms of the atomic 
orbits of a united atom. Calculation of molecular orbits by this 
method is the more precise the smaller the distance between 
nuclei. Since, on the contrary, the molecular orbits calculated 
by means of the first method, i.e., in terms of the atomic 
orbits of the atoms comprising the molecule, give the most 
precise description of the actual state of the molecule only for 
large distances between nuclei, it may be assumed that the 
molecular orbits for internuclear distances close to equilibrium 
may be obtained by interpolating between the molecular orbits 
obtained by these two methods. The interpolation method plays a 
particularly large part in determining the character and order of 
the terms of diatomic molecules. 


* Strictly speaking, these formulas hold only for the case when atoms A 
and B are the same. In the general case of different A and B, each of the - 
functions p4 and wp is multiplied by the factors cy and cp, respectively. 
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To determine the interrelations of the method of molecular 
orbits and the method of electronic pairs, we correlate these two 
methods by applying them to the hydrogen molecule. As we saw 
earlier (p. 289), the wave function corresponding to a stable state 
oi the H, molecule may be written, to a first approximation, in 
ihe electron-pair method as 


p= ya (1) Ps (2) +s (1) ba (2). 


Expressing the molecular orbits of both electrons in terms of 
atomic orbits and assuming the motion of one electron as inde- 
pendent of that of the other, i.e., disregarding interaction of 
electrons, we have, in the method of molecular orbits. (to the 
same first approximation), 


ip [a d) e (1)] [tha (2) + Ys (2] = tba (1) ps (2) + 
Laps (I) ba (2) + Pa (1) pa (2) +p (1) Pp (2). 


Comparing these two expressions, we see that the wave function 
calculated by the method of molecular orbits contains two terms 
other than those corresponding to the location of one electron 
near nucleus A and the other near nucleus B. These terms 
correspond to finding both electrons near one or the other of the 
nuclei, i.e., to two possible ionic structures of the molecule: 
H-H* and H*H-, which were not taken into consideration in 
the method of electron pairs (however, see p. 289). 

In the expression of the wave function calculated by the method 
of molecular orbits, the terms corresponding to ionic structures 
appear with the same coefficient (1) as the first two terms. 
Taking into consideration the fact that mutual repulsion of 
electrons (which we disregard in this method) must diminish the 
probability of both electrons being near one nucleus, i.e., the 
probability of accomplishing ionic structures, their role in the 
method of molecular orbits must be considered exaggerated. One 
of the consequences of this fact is that the method of molecular 
orbits is inadequate to account for the saturation capacity of 
chemical forces. We thus arrive at the conclusion that both 
methods (that of electron pairs as employed by Heitler and 
London, and that of molecular orbits) are one-sided and, for that 
reason, inadequate. Their restricted nature lies in the fact that 
the first method, which precludes the possibility of two electrons 
being located simultaneously at one nucleus, underestimates the 
role of ionic structures of molecules, whereas the second method, 
which ignores the mutual repulsion of the electrons and, for this 
reason, allows for an equal probability of finding both electrons 
near each one of the nuclei, overestimates the ionic structures. 
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Obviously, a more precise solution of the problem of choosing the 
wave function that would be in better agreement with reality 
should lie in between. To a zero approximation, such a solution 
in the general form appears to be expression (33.9): 


à Y= aha t bois 


where the first term denotes the atomic component of the wave 
function, i.e., those particular solutions of the wave equation 
(with appropriate coefficients) which correspond to finding the 
electrons near different nuclei, the second term denotes the ionic 
component, which corresponds to a simultaneous location of 
a pair of electrons near a single nucleus. As-was pointed out 
above (p. 296), the relation between coefficients a and b is found 
from the minimum of potential energy of the molecule. 


CHAPTER 8 
MOLECULAR SPECTRA 


35. Electronic Terms of Molecules 


Origin of molecular terms. Experiment shows that molecules 
have electronic levels or terms similar to the terms of atoms. 
Above (p. 269) we saw, in the case of the absorption spectrum of 
mercury solutions, that a molecular field causes the same split- 


the origin of molecular terms. Studies of fluorescence spectra 
of Hg, Tl, Na, K, Rb, and Cs in the presence of inert gases oe 
a sufficiently large partial pressure of the latter) show that under 
these conditions in. addition to the ordinary lines of metals, there 
appear weak satellites. For example, according to the data of Kuhn 
and Olderiberg, in the fluorescence spectrum of mercury: vapours 
excited in the presence of argon or krypton, two weak diffuse 
satellites adjoin the resonance line Hg À 2537 A (P,—'S,) on the 
short wavelength side. Here, the number of satellites turns out 
equal to the number of components of Stark splitting of line 
2537 A (see p. 269). Since in other cases, too, the number of satellites 
of each line equals the number of components of Stark splitting 
of the respective line, it may be concluded that whereas ordinary 
lines are emitted by isolated atoms, the satellites are emitted by 
the same atoms during collisions with atoms of the inert gases. 
It is the action of the electric field of the latter that gives rise 
to Stark splitting and the shifting of lines. * 

Obviously, at the instant of collision we can consider each 
atomic pair as a quasi-molecule. The energy levels (terms) of such 


* This effect is observed only in the case of inert gases due to the fact 
that other gases have a strong quenching action (quenching of fluorescence). 
For this reason, when excited atoms collide with the molecules of these 
gases, the energy of excitation converts into other forms of energy, in 
particular into thermal energy. 


318 MOLECULAR SPECTRA ICh. 8 


a quasi-molecule are precisely those that arise from the levels of 
the colliding atoms as a result of electrical splitting of these 
levels. Whence it follows that the greater the magnitude of this 
splitting, i.e., the stronger the interaction of the colliding atoms, 
the more considerably the levels of the quasi-molecule must differ 
irom the levels of these atoms. Under the conditions at hand 
(fluorescence), the interaction energy has an order of magnitude 
kT, which is several hunderds oí calories per gram-molecule. For 
this reason, the levels of the quasi-molecule are very close to the 
atomic levels, and corresponding lines are detected in the form 
of satellites of ordinary lines of the given element. However, in 
interactions, the energies of which are expressed in thousands and 
lens of thousands of calories (tenths of an eV and eV’s), which 
is the case when a given pair of atoms forms a stable compound, 
the difference in the energy levels of the molecule and oi the 
corresponding isolated atoms may become so large that the spectra 
of both will lie in different regions. 

Table 32 gives the lower levels of certain molecules (E,,), for 
which the characteristic feature is a comparatively weak interaction 
of the constituent atoms, * together with the levels of the respective 
atoms (E,).** The energy levels of these molecules are not so 
close to the levels of their constituent atoms as in the case of the 
quasi-molecules KAr, HgAr, etc.; however, the genetic relation 
between atomic and molecular levels is obvious here. 

In contrast to the comparatively unstable molecules of this 
kind, in the molecules O,, N,, NO, CO, ete., the heats of dissoci- 
ation of which exceed 100,000 cal/mol (D>5 eV), the genetic 
relation of molecular levels with the levels of the corresponding 
atoms is masked by an intense distortion of the atomic levels. 
Nevertheless, even here this relation can in many cases be estab- 
lished unambiguously (see below). 

We thus arrive at the following basic conclusion: (he electronic 
levels of molecules originate from the levels of the atoms that 
constitute the molecule as a result of Stark splitting in the 
electric field of the molecule. 

Systematics of terms of diatomic molecules. Molecular terms may 
be calculated theoretically. In the simplest case of a molecule 


with one electron (molecular ion HZ) the wave function depends 
‘upon the coordinates of the electron x, y, Z, the distances between 


* Here, as usual, the measure of atomic interaction is the heat of dis- 
sociation (D) given in the second column in Table 32. 

** Quantities Em and E, are the energy differences between the given 
and the ground levels of the respective molecule or atom. The symbols ol 
the corresponding levels (terms) are given in parentheses. 
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the nuclei r and the angles 0 and @, which determine the direction 
of the axis of the molecule. 
Table 32 


Lower molecular levels of relatively unstable molecules and levels 
of atoms (in eV); (D is the heat of dissociation) 


Molecule D, eV Em ; Ea 
Li 1.14 1.74 (2) 
2 XH 1.85 (2P—2'S) 
Na 0.76 1.81 (X) 
2 LS om. \ 2.09 (3?P—3*S) 
l : 1.44 (X 
Ks pee AEN 1.60 (££P—4*S) 
cai pess 25 Q2 \ 3.94 (5°P-—5'S) 
5.25 (t3) 5.40 (5'P—5'S) 
HgH 3 32€ 
lg 0.37 2 (3 \ 4.87 (6'P—6'S) 


Assuming an approximate separation of variables, we may put 
P= Yo Ze m 8, 9) a Qs Y» 2 as C) Peot (D, P): 
In this case, the energy of the molecule can also be approximately 
represented as the sum of the electronic, vibrational, and rotational 
energies; E= Ea -+ Evir E,,. Hence we get three differential 
wave equations, the solution of which will give the electronic, 
vibrational, and rotational energies. E,, is obtained by solving 
the wave equation tor the function Yer (electronic wave function). 
The molecule as a quantum-mechanical system diflers from an 
atom in the sense that in the molecule the electrons occur in the 
field of two or several nuclei and not one. For this reason, even 
in the case of a single electron in a molecule (H7) the field acting 
on it will not have central symmetry. Considering the distance 
between nuclei (protons) r às a certain constant parameter, we 
will have the following Schrédinger equation: 


Aya H (E, — V) $a 0. (35.1) 


In this equation, V is the potential energy of the electron in the 
field of both nuclei, 
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where r, and r, are the distances of the electron from the first 
and second nuclei, respectively. 

From an analysis of equation (35.1) it follows that, like the 
wave equation for an atom with one electron, it has solutions 
lor any positive value of energy and only for certain discrete 
values of negative energy. The first solutions (positive E) corre- 
spond to the unstable state of the ion H} divided into the H atom 
and the H* ion, which are separated by the distance r and have 
an energy in excess of that of their interaction for r= có, the 
second solutions (negative E) correspond to discrete (quantised) 
states of the Hy ion. The set of these negative eigenvalues of 
energy E is what corresponds to the energy levels of the Hf ion 
(lor a given distance r between nuclei). The wave functions 
(cigenfunctions) corresponding to these values of E may be called 
orbital or molecular (see p. 314). 

The eigenfunctions of equation (35.1) depend not only on the 
coordinates but also on three quantum numbers, of which only 
one has precise physical meaning for all values of the parame- 
ler r. This number, denoted by the letter A, determines the 
projection of the orbital angular momentum of the electron on 
lhe axis of the molecule (ion) equal to +ħA. The number A can 
take on values 0, 1, 2, ++ +5 depending upon these values the electron 
is called a o-, T-, 6-, ... electron. The two other quantum 
numbers can be expressed in terms of the principal (n) and 
orbital (/) quantum numbers that characterise ihe given system 
in one of two limiting cases: in the case of t==0 (merged nuclei) 
and in the case of r= oo (separated nuclei). In the first case, the 
lerms of the system are obviously the terms of the He* ion, in 
ihe second, the terms of the H atom. When the numbers n and l 
are used for a system of merged nuclei, the states of the electron 


trons greater than one, an exact solution of the wave equation 
(35.1) is not possible. However, we mdy examine, approximately, 


number o =m, = + 1/2); as in the case of an atom,.electrons with 
the same values of the quantum numbers n and / are called 
equivalent. By virtue of the Pauli principle, the number of equiv- 
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alent electrons cannot exceed two for A==0 and four for AEN; 
Indeed, in the first case (c-electrons) we have n, =n,, ls 


à =A, =0 and o,= o,=1/2, in the second case (z-, 6-, etc., 
electron) n,—n,—mn,—n,  /,—l,—l,—l, =i, =h, 
A, =, = — À and o =0,=— 0, — — 0, —1/2. Here, two equiv- 
alent ø- or four m- (or four 6-, eic.) electrons form a closed 


electron subgroup characterised by the values A=) =0 and 
S—0, Thus, the electronic structure of the molecule, like that 
of the atom, is built up of discrete groups and subgroups contain- 
ing definite numbers of electrons. The electron configuration of 
the molecule and, hence, its energy states or electronic terms are 
determined by the entire assemblage of molecular orbits, i.e., 
by the set of quantum numbers of all the electrons of the 
molecule. 

In the overwhelming majority of cases (see below), the following 
uantum number can be made fundamental to the systematics of 
electronic terms of diatomic and also linear polyatomic molecules: 


A=, (35.2) 


(summation is performed over all electrons of the molecule); this 
number determines the absolute value of the projection of the 
total orbital angular momentum on the axis of the molecule. 
Depending upon the value of A=0, 1, 2, etc., the terms of the 
molecule are designated by the symbols 2, Il, A, ete. 

Let us consider certain stales of a molecule that result from 
given states of the electrons. In the case of a single o-electron 
(the remaining electrons in the molecule form closed subgroups) 
we have the term *X(A—24—0, S=s= 1/2). One a-electron 
yields a *II-term (A=A=1, S—1/2), one ó-electron, a *A-term, 
elc. Two equivalent o-electrons (designated by the symbol c) 
yield the term 'Z (s, — 1/2, o, — — 1/2), two nonequivalent o-elec- 
irons (oc), the terms 'y(S=0) and *2(S=1). One o- and one 
n-electron (oz) yield 'II- and *H-terms. Two equivalent z-electrons 
(x?) yield the terms 'Z, *Z (A=A,+A,=1—1=0, S=0,1) and 
the term 'A (A= Ha =1 +41 =2, $—0). The term *A, as one 
that contradicts the Pauli principle (A, =^, 0,=9,), is excluded, 
But in the case of two nonequivalent s-electrons (ax) we have 
also the *A-term in addition to the terms indicated for the case 
of m. Thus we see that here, as in the case of an atom, the Pauli 
principle introduces an appreciable correction into the number of 
possible terms (see also below). 

Of practical interest is the problem of finding all molecular 
terms that are formed from the various atomic terms. This prob- 
lem is solved by means oi known rules of space quantisation. 
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As was pointed out in Chapter 6, in a strong electric field 
the vectors L (orbital angular momentum) and S (spin) are quan- 
tised independently, and the projection of L on the direction of 
the electric field takes on 2L-++1 values in accordance with the 
number of possible separate values: +L, +(L—1),..., 0. How- 
ever, due to the fact that the terms corresponding to the values 
L and L, (L— 1) and (L— 1), etc., have the same energy 
in an electric field, we obtain only L--1 different terms. In the 
same way the number of projections of the S vector on the field 
direction is equal to 2S-+-1 in accordance with the values +S, 
+(S—1),... It must be pointed out that the S vector does 
not experience any direct effect from the electric field. However, 
as in the case of the L vector, here too one can speak of S 
projections on the field direction, since, due to precession of the 
veclor L about the direction of the electric field, the mean value 
of the magnetic-field component L, normal to the electric field, 
is zero, and S is actually oriented with respect to the component L 
along the field, i.e, with respect to the direction of the electric 
ield. 

Let us now examine the levels that appear when two atoms 
approach each other. If the atoms are separated by a sufficiently 
small distance (comparable with the distance between the atoms 
in the molecule), splitting of atomic terms, which is a measure of 
the interaction of the atoms, may be interpreted as splitting in 
a strong electric field.* We must then take into account the orien- 
tation of each of the vectors L, and L, of both atoms with respect 
to the line connecting the centres of the atoms (axis of the mole- 
cule) and determining the direction (axis of symmetry) of the 
intramolecular electric field. Designating the absolute values of 
projections of all vectors ** on the axis of the molecule in terms of 
(ap p288) Ace Dr, Dee) pO and A EBEE 1,5... 
respectively, for the total projection we get (L,  L,): 


De 


AA -LA,— | 

SMS eps a IU pus Ope ET: aa, 0] 

breil Db 299 Bayh, Ol 
bas 2, v Locis «d, 066-2) 

E AM Cs E 01 

IS Lm. c0) 


* It must be said that this does not always occur. Very often the molec- 
ular terms correspond to splitting of atomic terms in a weak electric field 
(see below). 
= ** Here, as before, in a number of analogous eases we express the pro- 
jections of the vectors in units of h. 
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The quantity A may be obtained in a somewhat dillerent 
manner. Assuming interaction of the atomic vectors L, and L,, 
which leads to the resultant vector 


L=L, +L, : 


we get, for the absolute magnitude oi the projections of the latter 
on the axis of the molecule, values expressed by (35.3). We can 
therefore define A as the absolute value of the projection of the 
{otal orbital angular momentum of the molecule on its axis. This 
quantity is obviously also identical with that in (35.2). 

Further, denoting the absolute value of the projection of the 
total spin of the molecule * 


=S, +S; 
on its axis in terms of X and considering X positive when the 
projections of L and S have the same sign, and negative when the 
signs of the projections of these vectors are opposite, we can build 
up a sum out of A and X: 


Q—AzrZX, (35.5) 
Comparing this expression with expression 
J=L-+S 


(p. 210), which appears in the systematics of atomic terms, we see 
that the numbers Q, A, and X are definitely related to the num- 
bers J, L, and S: namely, the latter express the total, orbital, 
and spin angular momenta, respectively, while the numbers Q, A 
and +, the projections of these angular momenta on the axis of 
the molecule. This makes it possible to build a classification of 
molecular terms by starting with the quantum numbers Q, A, 
and X. 

Generally speaking, the molecular terms characterised by the 
quantum number A>>0 are split into a series of components 
(natural splitting) in accordance with the diferent orientation of 
ihe total spin S relative to the axis of the molecule; and, as in 
the case of atomic multiplets, the multiplicity of the molecular 
term is determined by the number 2S-+1. We see that the fine 
structure of molecular terms is of the same origin as the fine 
structure of atomic terms: it is caused by the magnetic interac- 
tion of spin and orbital angular momentum. 

To characterise each separate component of a molecular mul- 
tiplet, it appears natural to take advantage of quantum number & 


* We note that 
S=S,+S,, Sı HS2- b ... IS — S,]. - (35.4) 
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(it corresponds to number J, which plays the same part in the 
systematics of atomic terms). Thus, as a symbol for a molecular 
term, like the atomic symbol 


. 25 *' IL), 
we get the symbol * 
?s *!(A)o, 


which, in separate cases, is deciphered as 'Z, *E, °D, ‘I, "Ily, 
Tin, *IL,, *U,, *IL,, etc. In the case of Z-terms, i.e, 4 —0, the 
spin orientation relative to the axis of the molecule is absent, 
as a result of which the quantum numbers = and Q are devoid 
of physical meaning. ; 

By way of illustration let us consider the terms of the OH 
molecule that are obtained from the normal terms of the atoms 
O(*P) and H('S). In this case we will have: Lo —1, Li —0, 
So=1, and Suy—'/,, whence, on the basis of equations (35.3) 
and (35.4), we find: A—1, 0 and S=*/,, '/,, in other words, 
the terms “II, *II, *E, *2. In the following manner we find the 
values of number Q that are necessary in order to distinguish the 
components of the multiplet terms “If and 'IL. In the case of 
S="), (the quadruplet term *II), for the projection X we get 
Z-—'|, '| and in the case of S='/, (doublet term 'II), 
Z—'|. Consequently, on the basis of (35.5) we have for term 
TOS] */,, */,, —*/, and for the term R=, a 
Thus, we finally get the following set of terms: ^E, *2, 'IL,, 
"ID, "Ij, Mo, p, and ?'IL;. We note that according to 
experimental data the term *II is the ground term of the OH 
molecule. 

Properties of symmetry of molecular terms. As is evident from 
equation (35.3). the number of all X-, all II-, etc., terms obtained 
from a given pair of atomic terms is determined by how many 
ways (for given L, and L,) one can obtain the appropriate num- 
ber A. The terms of each group differ in the kind of symmetry of 
the wave functions that correspond to them, namely, irom a so- 
lution of the wave equation for a molecule it follows that whereas 
in the case of certain terms called positive terms the wave func- 
tion does not change with reversal of the sign of all coordinates 
of the nuclei and electrons, in the case of other terms (negative) 
the function tp does change its sign in this process. This separation 
of terms into positive and negative is particularly important in 
the case of 2-terms. Here, if the number of all terms obtained 


* Here, (L| and {A} designate S, P, D and 3, IL, A, ... in accordance 
with the values of the numbers L and A equal to 0, 1, 2... 
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from a given pair of atomic terms is even, half of them is posi- 
tive (X*) and half, negative (2). For an odd number of terms, 
the number of X* terms is greater than that of X^ terms when 
the sum L,-+-L,-+3],,-+-3];, is even, and less than the number 
of negative terms when this sum is odd. Each of the sums Zl; 
and Xl, is the sum of the orbital quantum numbers of all elec- 
trons, respectively, of both atomic terms (out of which the -terms 
under consideration arise). Let it be noted that the atomic terms 
with even X], are called even and are designated by the symbol (Lj, 
while the terms with odd Xl, are odd, {L},. 

As for the terms that correspond to values A720, they also 
split, each into two terms -+- and —; however, this splitting (called 
A-type doubling) is found only when a molecule is in rotation 
(see Sec. 36). Thus, the terms II, A, etc., turn out to be doubly 
degenerate because in the absence of rotation, two states {A}* and 
{A} with identical energy correspond to each of the terms. This 
degeneracy is connected with the fact that in the absence of 
rotation the states with projections of L on the axis of the mol- 
ecule (identical in absolute magnitude but different in sign) 
have the same energy (see p. 322). 

Molecular terms obtained from appropriate atomic terms are 
given in Table 33 (after Wigner and Witmer, after Mulliken, and 


after Herzberg). Table 3 
able 33 


Molecular terms obtained from appropriate atomic terms (after Wigner and 
Witmer, after Mulliken, after Herzberg) 


| Atomic terms Molecular terms 
S, +H Sg or Su +S; zt 
g E u u pi 
S; FSu 2 
Sg -- Py or Su Pu PEU 
S, HPu or Su- Pe X+, II 
Sg -- Dg or Su + Du 2, ILS 
Sg + Du or Su + Dg Do T, A 
Sg HFg or Su +Fy 2-1 A,0 
Sg -- Fa or Sa Fe z+, IL. ^, © 
PE LP! or Prt Py | 2:0. Y HA 
Ph Pu Z+, D- (2), T (2), A 
Py+Dy or Py +D, Et, 2-7 (2), H 3), eee 
Pg -+ Dy or Pa + Dg x*(2) 27, TI (3), A (2), ® 


The foregoing reasoning is totally applicable to molecules 
composed of diferent atoms. But in the case of molecules with 
the same nuclei (these include CICI", Cl" Cl?) OOP 40"%07, 
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N'N', N'N'5, etc., and their ions; however, molecules consisting 
of different isotopes, for instance, CI*CI**, O*O'* or NN", belong 
to the earlier considered category) the number of terms turns out, 
in general, to be twice as great as for molecules built up from 
different atoms (or different isotopes of a single element). This 
doubling of the number of terms, however, only occurs when the 
initial atomic states are different. It is associated with degeneracy 
‘of the initial state (isolated atoms). Indeed, when considering, for 
example, the formation of a molecular ion of hydrogen from an H 
atom in the ground state and from a proton H*, we can proceed 
from a system in which an electron is connected with one of 
{he H* nuclei, say the first, i. e., of a system (H), -|- (H *), or of 
a system (H*),-+-(H),. Obviously, in both cases the energy of the 
initial state will be the same. The presence of two states of a 
system corresponding to one and the same energy is an indication 
of its degeneracy. The degeneracy in the case at hand is called 
resonance, or exchange degeneracy (see p. 198). Solution of the wave 
equation shows that when nuclei approach, both states obtain 
different energy, which is what leads to the above-mentioned 
doubling of the number of terms. 

The wave functions corresponding to each pair of terms differ 
in the kind of symmetry: some change their sign upon transposi- 
tion of the nuclei, others do not. Terms of the first group are 
called odd and are designated by the symbol {A},, of the second 
group, even, {A}, Thus, to determine the number and character 
of the molecular terms obtained from different (unlike) atomic 
lerms, we may take advantage of the data of Table 33, by replac- 
ing in it each term by two terms: 3*— X, 2n ÈT — X Eo 
II —> TL, Mete: 

As has already been pointed out, in the case of molecular 
terms that arise from the same terms of identical atoms, doubling 
of terms does not occur, though here too the division of terms 
into even and odd remains. From the set of terms resulting from 
the scheme 


A=A,--A,=2L, 2L—1, 2L—2 ..., 1, 0, ) 
25—1, 2E—2..... 1.0, | 
212^ 20. 0.307 4 
Amd um e 
1, 0, | 
0 


we have an even number of terms that correspond to an odd value 
of A(1, 3, 5, ...). Half of these terms is even, half is odd. 
The remaining terms (with the exception of X-terms) available 
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in the odd quantity (2N-+ 1) are distributed as follows: N terms 
turn out to be even and N odd; the surplus term is even in the 
case of even S (singlets, quintets, ...) and odd in the case of odd 
S (triplets, septets, ...). As for X-terms, of all the 2L -]- 1 &-terms, 
L--1 are &* terms, the remaining L, E--terms; and in the singlet 
and quintet systems the X* terms are even, Xj, and the E^ terms 
are odd, Ej, while in the triplet and septet systems the situation 
is reve.sed. 

By way of illustration let us consider terms that result from 
the same atomic terms ?P, for example, from terms of the ground 
state of two oxygen atoms. In this case we have L,— | and, 
hence (see(35.6)), A==2, 1, 1, 0, 0, 0, i.e, we have A-, T- and 
-lerms. Further, from the multiplicity of the initial terms *P we 
find S—2, 1, 0, ie, quintets (S—2), triplets (S= 1), and 
singlets (S— 0). On the basis of the foregoing rules, for terms 
available in an even quantity, i.e., for Il-terms, we have ‘II,, 
Tl, “I, “Hy, “Ty, and 'IL,. The A-terms are terms *A,, *A, (Sis 
even) and *A, (S is odd) and X-terms are terms ey) Dales 
iy 134, XQ (quintet and singlet systems) and ix Sand 


eig: Huy» 
Si (triplet system). 

Hund's cases of molecular terms. The systematics of molecular 
terms, the basis of which was given above, does not however 
embrace the entire ensemble of quantum states even of a single 
molecule, Primarily, the underlying principle of this systematics 
is the assumption that the molecular electric field which gives rise 
to splitting of appropriate atomic terms is sufficiently strong to 
disrupt the coupling between the vectors L; and S, in the separate 
atoms, This, obviously, should not always be the case. Moreover, 
in constructing this systematics we did not take into account the 
rotation of the molecule with which the appearance of a magnetic 
field normal to the axis of the molecule is associated. Later on we: 
shall see that this field exerts an appreciable effect on the inter- 
action of vectors in the molecule. 

For this reason, with the aim of extending and generalising the 
systematics we shall examine the main types of interaction of the 
different vectors that are characteristic of the vector model of a 
diatomic molecule. Here, we shall also take into account the mo- 
mentum associated with the rotation of the molecule (vibration of 
nuclei do not enter into this consideration, inasmuch as vibration- 
al motion has no momentum). In the main, these types were 
considered by Hund and are known as Hund's cases of molecular 
terms a, b, c, and d. 

Case a. The electric field of a molecule is so strong that we 
may disregard the interaction of individual L; with individual S;, 


398 MOLECULAR SPECTRA [Ch. 8 


which interaction we designate as (L;, S;), as compared with the 
interaction of different S; and as compared with the interaction 
of L; with the electric field of the molecule. As a result of the 
latter and also due to space quantisation of the S vector in the 
magnetic field of the component of electronic orbital angular mo- 
mentum along the axis of the molecule, we have A and X that 
together yield the quantity ©. We thus see that the above-con- 
. structed systematics of molecular terms corresponds completely to 
Hund's case a. 


Type Q sm 6 Type C 
J 
m M 2 
h ) 
I 
A D o1, 
l 
! S 
a) [/] c) 


Fig. 74. Vector model of diatomic molecule, Hund’s cases a, b, and c 


The vector ©, directed along the axis of the molecule interacts, 
further, with the nuclear momentum vector 9 (rotation of the 
molecule), as a result of which we get a resultant vector J that 
characterises the total angular momentum of the molecule (but 
without account of nuclear spins). Interaction of vectors Q, and WM 
leads to their precession about J. The mutual positions of the 
vectors Q, W and J are shown in Fig. 74 a. We note that the 
quantum number J, which corresponds to the vector J, takes on 
integral values when X and Q are integers; this occurs when there 
is an even number of electrons. 

Denoting the electric field of the molecule by Z we can sym- 
pas d represent vector interaction corresponding to case a as 
follows: 


(KL, Z), Sj, M}. 
Case b. This case may be symbolically represented as 
4L, Z), We], S) 


(see Fig. 74 b). In this case, according to Fig. 74 b, A and 99 
yield the resultant vector K, which with S forms the vector J. 
We see that here the quantum number 3, and with it also Q, 
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become meaningless. However, given sufficiently large K (and in 
the case of X-terms, for any K) we can introduce a new quantum 
number C, which corresponds to a projection of spin on the axis 
of rotation of the molecule. Like E, @ assumes the values seh 
--(S—1),... We note that when nuclear rotation is increased 
(increase in K) a transition is possible from case a to case b. 
Experiment shows that a considerable portion of the electronic terms 
of a diatomic molecule belongs to this transitional type. 

Case c. This. type of interaction of vectors is accomplished in 
a weak electric field that is not capable of disrupting the inter- 
action of vectors L; and S,. As we see, it corresponds to the Stark 
effect in a weak electric field. In this case, the vector J, (*atomic" 
angular momentum), which is composed of vectors J;, is as a whole 
oriented relative to axis z (Fig. 74 c). To summarise, A and X 
as independent numbers are here devoid of any meaning. But 
number Q, which determines the projection of vector J, on the 
axis of the molecule, is retained. Interaction of vectors Q, and 38 
lead to a resultant vector J. This type of interaction is symboli- 
cally depicted as 

ll, J)» ZI, 28}. 


Obviously, transition from the earlier cases to case c should be 
important in separation of nuclei. 

Case d. As for the fourth coupling case, which occurs only in 
the case of a comparatively small number of molecules and, for 
this reason, is least significant, we only indicate that it corre- 
sponds to a predominance of interaction of the vectors L, with 
rotation of nuclei over interaction of the remaining vectors. 

Obviously, the earlier introduced symbol for designating mo- 
lecular terms, 

Si {A} 9, 
is suitable only for case a. If we have case b, the numbers X and 
Q are devoid of any meaning. Therefore, we have here, as the 
symbol designating the term, 

SHA}. 

As has already been pointed out, the separate components of the 
multiplet difer in the values of the quantum number €, which 
corresponds to the number X. Frequently, G taken in brackets 
is placed next to the symbol of the term: 

SHAO). 

Finally, in case c, where the numbers A and X disappear, the 

terms are distinguished by the number Q, which retains physical 
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meaning. The terms belonging to this case are designated, accord- 
ing to Mulliken, by the symbol 
(9j. 

The foregoing rules, which determine the number and character 
of molecular terms are, obviously, applicable (to the same extent) 
to Hund's cases a and b. Analogous rules are operative in regard 
io case c. The total number of terms that arise out of two atomic 


terms characterised by the numbers J, and J, is determined here 
by the scheme (J, 7» J,): 


guis o apdeap in c e E E TIR 
mue ds ds... | 2)" or 0, | 
1 z EXE VA or 0, ( (35.7) 
Test quot. 4), or 0: | 


In the case of Q—0, we also have positive and negative terms 
0* and 0-, the number of which is the same for an even number 
of O-terms. The surplus term for an odd number of terms is the 
term 0* or 0~, depending on whether the sum J, + J,- X1, -+ Xl, 
is an even or odd number. 

In case of the same atoms in different states, the number of 
terms, as before, is double; one half of them is even, (Q),, and 
the other half, odd, {Q}. : 

The number and character of terms in the case of identical 
Ed of the same atoms are obtained directly from the following 
schemes: 


(9) — (274, 23 —1},, ..., of, 
(Eat ie TR (35.8) 
NUT of 
and 
19) — 123], {25 — 1), ... , On, 
: 127 me ano (35.9) 
m 


The first, (35.8), has to do with the case of integral J, the 
second, (35.9), of hali-integral J. 

Thus, guided by the above rules it is possible to find the entire 
set of terms of any diatomic molecule. Using these rules, it is 
possible, in a number of cases, to solve also the reverse problem 
(which, practically, is no less important) of determining the quan- 
tum states of atoms that arise in the dissociation of the molecule. 
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It may be noted that molecular electrons, like molecular terms, 
display specific properties of symmetry (in the sense oi symmetry 
of appropriate wave functions). For instance, we distinguish even 
(0,-. t5 etc.) and odd (o,-, m, etc.) electrons, the former being 
electrons to which there correspond even / (for example, so, do — 
— Op, dA — Ty) and the remaining, odd (po, fo—o,, pz, ft — m). 
Even electrons with even, or odd with odd, form an even molecular 
term (Xl is even), and even with odd, an odd term (X/ is odd). 

So far we have hardly touched on the question of the relative 
arrangement of molecular terms. Yet ihis question is of prime 
importance for molecular spectroscopy. As already pointed out, 
it is solved theoretically by quantum-mechanical methods. How- 
ever, the finding of numerical values of terms and their sequence 
in a given molecule, even in the case of comparatively simple 
molecules containing a small number of electrons, presents great 
mathematical difficulties. For this reason, one frequently has to 
confine oneself to the construction of a more or less reliable 
qualitative picture of the terms. Use is made of one of the follow- 
ing semi-empirical methods. 

The first, the method of interpolation (Hund, Herzberg, Mulliken) 
consists in the following. If in the Schrödinger equation we assume 
the distance between nuclei r equal to oo, we obtain two equa- 
tions that correspond to two isolated atoms (cf. p. 285). The set 
of terms corresponding to this limiting state of the molecule (dis- 
sociated molecule) will obviously be represented as a simple sum 
of appropriate atomic terms (the terms of a separated system), 
which may be found either by solving atomic wave equations or 
may be taken directly from experiment. When the atoms approach, 
we have Stark splitting of the terms in the electric field of the 
partner. The set of splitting components of atomic terms is pre- 
cisely the set of molecular terms that corresponds to the given 
(large) values of r. Here, the relative arrangement of terms is 
roughly in accord with the arrangement of components of Stark 
splitting in an external electric field and can be determined from 
experiment. 

On the other hand, in a wave equation of a molecule we can 
put r—0. We then get an equation for an atom that is isoelec- 
ironic to the molecule under consideration, the terms of which 
are also known. Separating the nuclei mentally, we obtain a field 
with axial symmetry (an intramolecular electric field), in which 
the terms of the isoelectronic atom (a system of merged nuclei) 
experience Stark splitting. The set of components of this split- 
ting obviously also corresponds to the terms of the given molecule 
(for small r). As in the case of an almost separated system (large r), 
the relative positions of the terms can here be taken from exper- 
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iment. Knowing molecular terms for large and small r, we can, 
obviously, by means of interpolation determine the more or less 
probable relative positions of the terms of the given molecule. 
The scheme of molecular terms thus obtained is verified by com- 
paring it with experiment. 

By way of illustration, let us consider the molecule CH. In this 
case, the terms that correspond to two limiting cases are obtained 


Ü 45 10 15 20 25 20 45 


Fig. 75. Origin of energy levels of CH molecule 


as a sel of terms of the atoms C-H (separated system) and the 
terms of the N atom (merged nuclei). The lowest terms of the 
C-H system are *P (ground state of the C atom) plus *S (ground 
state of H) and ‘D-+-*S;. the lowest terms of atom N are "S (ground 
state of atom N), *D and *P. From these terms of the system 
C--H there arise the following terms of molecule CH: from 
E SABE E sa b and from 'D-L-*'S— ?x, *IT, °A; from 
e terms ol atom N, the terms: *2 from ‘S, ?X, ?II, ?A from 
*D and *Z, *II from °P. p 
The problem then reduces to correlating terms of the system of 
almost separated nuclei with terms of the system of almost merged 
nuclei and to finding the relative positions of the terms. However, 
since this problem has no entirely unambiguous solution, to find 
the terms of the molecule we have to be guided by various kinds 
of additional data, such as: data on the relative positions of the 
atomic terms (for instance, quadruplet terms as a rule lie lower 
{han doublet, etc.), on the electron configuration of the molecular 
terms (terms corresponding to one electron configuration of an 
almost separated system pass into terms of the same configuration 
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of a system of almost merged nuclei), on noncrossing of terms 
(terms corresponding to a configuration of electrons with the same 
quantum numbers Į and A do not cross), etc. Finally, experimen- 
{al data dealing with the optical properties of the molecule under 
consideration in its various states help to establish a genetic 
relationship between molecular terms and the terms of the cor- 
responding atoms in the separated system. 

Fig. 75 shows the levels of the CH molecule (in the form of 
curves of potential energy) for various r with an indication of 
their origin from levels C--H and N (after Mulliken). Of the terms 
shown here, four are experimentally known, namely, *II, *A, *3^, 
and ?Z*, and the lowest one is the term ?II. In this given case, 
the ambiguity of the picture of molecular levels found by means 
of the interpolation method is evident from the fact that on the 
basis solely of these data it is impossible to assign (with complete 
justification) the term “II to the ground state of the CH molecule. 
Here, the chief difficulty is connected with the lack of a combination 
between the doublet and quadruplet systems (which is due to the 
lightness of the CH molecule); this does not permit localising the quad- 
ruplet levels CH relative to the doublet levels (see footnote on p. 457). 

‘Another semi-empirical method of finding the pattern of molec- 
ular terms was developed by Mulliken and is similar to the method 


ular terms is obtained as a consequence of the configuration of 
electrons. Mathematically, this method is a method of molecular 


The distribution of electrons (due to the Pauli principle) into 
definite subgroups (like atomic electrons) gives rise to a certain 
similarity in the properties of the atoms and molecules. This simi- 
larity also plays a significant role in an experimental determination 
of the relative arrangement of molecular terms. It is particularly 
striking when we compare. a molecule with an atom having the 
same total number of electrons (isoelectronic systems) or the same 
number of outer electrons (isosteric systems), for example, the atoms 
C, N, O, F, and Ne and hydrides isoelectronic to them, that dis- 
play a remarkable similarity of chemical and other properties. 
In particular, this similarity finds expression in ihe law of dis- 
placement of hydrides established by Grimm. Here, the hydride 
of a given element that has lost one atom of hydrogen acquires 
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ihe properties of the hydride of the element that precedes it in 
the Periodic Table and contains the same number of atoms of 
hydrogen as the first hydride had originally. Table 34 is an illus- 
tration of this law. 

Table 34 gives the chemical properties (valence) of the particles 
under consideration. 


Table 34 
Law of displacement of hydrides 
Group 
Nun Iv | v VI Vil 0 1 
ber of 
H atoms 
0 C|N|O ig Ne | Na* 
1 — |€H| NH | OH | FH NeH + 
2 — | —| CH, | NH, | OH, | FH} 
3 | =| — | CH, NH, | ont 
4 EE ENGEL C NHA 
— 4 3 2 1 0 —l 
Valence with respect to hydrogen 


The fact that the valences of the hydrides and the corresponding 
element in a single vertical column (group) are the same leads to 
à situation where each group is, to a certain extent, a group of 
chemical analogues. This may be seen from a comparison of such 
compounds as N==N and HC — CH, NCI, and HCCI,, O—0O and 
H,C=CH,, H,O and H,NH, F, and (OH), H,N— NH, and 
H,C-—CH,, etc. In the same way the saturation of molecules 
HF, H,O, NH,, and CH, imparts to them the properties of Ne 
analogues. 

The law of displacement also holds with respect to the greater 
part of the other properties of hydrides. For instance, the optical 
properties of the molecules and atoms in each vertical column of 
Table 34 are also close as regards the character and arrangement 
of terms. For example, comparing the distribution of electrons in 
the ground states of the HF molécule and the Ne atom 

HF  1so*  2so: Rossy c» 

Ne  1s* 2s* 2p* SE 
we see that in both cases the electronic structures consist of closed 
subgroups, and this leads to the terms `X and, respectively, 'S. 
Another illustration is the OH molecule and the F atom: similar 
distribution of the electrons in the electron shells (in particular, 
ihe presence of an open subgroup with one electron lacking) here, 
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too, leads to identical terms of the ground state, 

OH Isot ^ 92so* 2po* 2pm -I 

B Is* 2s 2p* aD 
We may add that both terms form irregular doublets *IT, and *P, 
(see p. 221). 

The similarity in structures of the electronic shells of atoms and 
corresponding molecules is frequently manifested not only in the 
identity of their normal j 
terms but also in the 
same relative arrange- VU api issSorncS eae 5 
ment of a number of other oe i 
terms. To illustrate this 
property of electron 
shells, we compare the ` 
terms of the CO mole- || OS 
cule and the Mg atom n d EET 
and their ions in Fig. co* S 
76. The similarity in the vs cee 
arrangement pattern of 
CO and Mg MENS is id 7, A 
perfectly obvious. The sg TOME 
reason lor this lies in n 


(cf. MgO and CO,, MgCl, 0 —z DONE 

and COCI,, etc.). One Fig. 76. Diagram of CO and Mg terms (alter 
should also note the Sponer) 

difference in the arrange- 

ment of terms of an isosteric atom and molecule, primarily due 
io the fact that the molecule always has a greater number of terms 
as compared with the atom isosteric to it, this is because the 
molecular terms appear as a result of Stark splitting of atomic terms 
(see p. 318). Thus, in Fig. 76 we ought to add terms *E and “II that 
are situated between the a'II and A'II CO terms (these terms are 
not oe so as not to make the scheme of terms overcompli- 
cated). . 

One could make a large number of correlations similar to that 
of CO and Mg, and also of isosteric or isoelectronic molecules. 
Here, we will merely state that the molecules and ions Ny, CN, 
BO, and BeF that have 13 electrons each, like the ion CO*, have 
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the same first three terms (which are identically arranged): *3, 
"II, and *X (see Fig. 76). These correlations are valuable in that 
they can serve as a basis for predicting the optical, chemical, and 
other properties of molecules which have not yet been studied 
experimentally in these aspects. 

This identity in the structural principle of electronic shells of 
atoms and molecules explains the fact that molecular terms can 
frequently be described by a formula similar to the Rydberg equa- 
lion or the Ritz equation, by which atomic terms are represented. 
To illustrate, Rydberg series were observed in the spectra of H;, 
Na O,, NO, CO, HI, NH,, C,H,, (CH,),CO, and C,H,. As in the 
case of atomic spectra, from the limit of the Rydberg series of 
molecular spectra we can calculate the ionisation potential of the 
molecule. For example, for acetone Watanabe obtained the formula 


E. R 
v= 78,280 — Ro, m=2,3,4,..., 


rom which it follows that 1—9.700 V, whereas I, obtained by 
another method, comes out to 9.705 V. 

Of other general regularities in the electronic terms of a mole- 
cule, we mention the following. Despite the fact that the number 
of possible molecular terms must be considerably greater than the 


ments, we confine ourselves to a simple enumeration of these rules. 
Changes in the quantum numbers A, X, and Q obey the following 
selection rules; 


AA —0, -- 1, (35.10) 
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AX—0, (85.11) 
AD grad. (35.12) 


According to the first rule, only the following terms can combine: 
Besd, esl, AeoA, Zell, II-5A; the combinations Z->A, 
Il--@ are forbidden. In the same way, according to rule (35.12) 
the combinations 0-90, 1<>1, 2-52, 0—1, 1-22, are possible 


and 0—52, 1-23 are forbidden. Rule (35.11) and the analogous rule 
AG—0 (35.13). 


(Hund's case b) are essential for an understanding of the peculi- 
arities of the fine structure of molecular spectra. 
Further, we give the rule 


AS=0;, 


which is identical to the rule (28.19), according to which combi- 
nations are forbidden between terms of different multiplicity 
(intercombinations). We saw that, for atoms, prohibition of 
intercombination is rigorously fulfilled only in- the case of those 
with small nuclear charges when multiplet splitting is slight. The 
saine occurs in the case of molecules. 

Also very essential are the selection rules connected with the 
kind of symmetry of the molecular terms. These rules state that: 
positive terms (4) combine only with negative (—) and even 
terms.(g) combine only with odd terms (u). 

Other important selection rules will be dealt with in the sections. 
that follow. Also, we shall not here examine the selection rules. 
that refer to combinations of terms of complex molecules. The 
only thing that need be said is that, in part, these combinations 
obey the same rules as those given above (for instance, the rule 
AS—0, geu) and the like. 

Terms oi complex molecules. Up till now we have considered: 
mainly the electron terms of diatomic molecules. Naturally, the 
theory of polyatomic molecules is much less developed than that 
of diatomic molecules. Without going into details, we note that, 
in complete agreement with experiment, we can deduce from theory 
the existence of discrete electronic levels of polyatomic molecules, 
similar to the levels of diatomic molecules or atomic levels. 

The problem of systematics of terms of complex molecules is 
somewhat simplified by the fact that the principal features of the 
systematics of diatomic molecules are, to some extent, retained 
also in the case of complex molecules. Primarily, this has to do 
with linear molecules such as CO,, CS,, N,O, C,H,, CN; ete. 
Since the molecule has an axis, the quantum numbers here A and 
Q, generally speaking, retain their meaning, and so the systematics. 
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of terms of linear complex molecules can be constructed on the 
same basis as the systematics of diatomic molecules. Thus, for 
example, the terms of complex linear molecules are designated by 
the same symbols, X, IL, A, -.., as the terms of diatomic 
molecules, 

The situation of all complex molecules possessing axial symmetry 
(the molecules NH,, NCI,, CH,I, and others, for instance) is roughly 
the same as that of linear molecules because, due to the axis of 
symmetry, the numbers A and Q retain their meaning, approxi- 
mately. 

In large measure, the electronic levels of polyatomic molecules 
are determined by the properties of molecular symmetry, which 
play the main part also in the systematics of molecules. From 
this viewpoint, Mulliken examined various types of complex 
molecules in numerous studies devoted to problems of systematics 
of. molecular terms. Without going into details, we note that in the 
Mulliken classes of symmetry of the terms of complex molecules 
we have certain analogues of positive and negative and also even 
and odd terms of diatomic molecules, 

It may also be added that irrespective of the form of the com- 
plex molecule, the quantum number S retains its physical meaning; 
S takes on the values S=S,1S,+ ..., S.+S,+...—1, S, 

S,+...—2, etc., where S,, $,, ... are the spin quantum numbers 
of the atoms comprising the molecule. The number S determines 
the multiplicity of terms of complex molecules as in the case of 
diatomic molecules and atomis. f 


36. Rotational Terms 


. Rotational terms of diatomic molecules. Rotation of a molecule 
is manifested in the heat capacity of gases and in the structure 
of molecular spectra. The so-called fine structure of these spectra 
indicates that this molecular motion is quantised. The same 
result is obtained from a solution of the wave equation that 
describes rotational molecular motion. 

In a mechanical sense, the problem of rotation of a diatomic 
molecule is identical with that of the rotation of an electron and 
nucleus about their common centre of gravity in the hydrogen 
atom. For this reason, the rotational motion of a diatomic mole- 
cule (on condition of separation of variables in the wave equation) 
is described by the Schródinger equation of the same type as in 
the case of the hydrogen atom, i.e., an equation of the foim* 
- * Like equation (23.4), this equation is obtained directly from wave 

. equation (23.3) by substitution of &-—h/uro (the de Broglie relation) and 
E=pro*/2 (o is the angular velocity of the atoms). 
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o* g? 0” 2 
a4 Fa ai Em =0 (86.1) 


where p is the reduced mass of the molecule equal to 


mM, 


P=", m 


(m, and m, are the masses of the atoms) and x, y, z are the 
relative coordinates of the nuclei (x—X,—X, Y=Y,—Y2 
z—2,— 2, connected with the internuclear distance r by the 


relation 
r= x’ +y +z. 


To a first approximation, it may be considered that the dis- 
tance between the nuclei remains unchanged when the molecule 
rotates (rigid rotator) and is equal to the equilibrium distance r,. 
Introducing the spherical coordinates r,, $, p, which are connected 
with the rectangular coordinates x, y, Z by the relations 


x—r,sin 0 cos P, y=r, sin sin q, z—r,cos 0, 


eden 
Anura Anlo 


inertia of the molecule equal to 1, = pr?) by 


(I, is the moment of 


and designating the constant 


h 
B Gal,’ (36.2) 
we transform equation (36.1) to the form 


1 9 (ging W\4 e 4 Ert 
sin 9 00 (sime 3) + sin? 0 Oq* np, V 0. (36.3) 


It will readily be seen that this equation is identical with 
equation (24.4) and may be obtained from it by substituting p 
in place of function S and E,,/hB, in place of the constant A. 
Whence it follows that the solutions of equation (36.3) are 


p=9 (9) ® (9), 


which, after taking into account the functional relationships of 


© and 6, are written as follows: 
IML a Mp 
Prot = Pim (0 — x") * ara eto a x=cos® (36.4) 


(cf. (24.8) and (24.10)). Here, J and M are integers, and from + 
(36.4) it follows that M < J. i 


12* 


D 
ine 


s 
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The energy values E,,, that correspond to the fundamental func- 
tions (36.4) are of the form 


E, —hB, J (J+ 1). (36.5) 


It will be noted that this formula may be obtained without solving 
equation (36.3). Indeed, noting that the number J plays the part 
of number /, which appears via a solution of the Schródinger 
„equation for the H atom, and substituting L= J and 4=E,,,/hB, 
'into equality (24.9), which, obviously, holds true also in the 
given case, we arrive directly at expression (36.5). 

"The number J, which takes on the values 0, 1, 2, ..., is called 
the rotational quantum number and according to (36.5) determines 
the rotational energy of the molecule. The number M characterises 
the magnitude of the projection of vector J on a given direction 
“(8=0), and M= +J, £(J—1) ..., 0. If this direction is 
specified by an external magnetic field, M is the magnetic quantum 
number (cf. p. 251). Since, in the absence of an external field, each 
‘rotational state of a molecule represents 2J-|-1 states with the 
same energy, which states are characterised by appropriate values 
xi y: hi statistical weight of the given rotational state is equal 

o : 

: Designating the angular momentum vector of a rotating molecule 
by W,we can represent the energy of rotation as 
sm? 
E o=, *. 


Comparing this expression with expression (36.5), we get, for the 
angular momentum, 


36—hYy J (J4- 1) 


(cf. (24.20). ` 
As follows from (36.5), the rotational energy of a molecule is a 
quantised quantity; on the basis of this expression for rotational terms 


Ta == =B,J (J4 1) (36.6) 


we get the following values: 


d die ee toe Oye MR 
T. 0 2B, 6B, 12B, 20B, 30B; ... 


The corresponding levels are shown in Fig. 77. 

.. Expression (36.5) for the rotational energy of a molecule is 
obtained on the assumption that the internuclear distance remains 
‘constant (rigid rotator). In reality, however, due to a centrifugal 
ge the molecule is somewhat stretched, and the equilibrium 
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distance is dependent on the quantum number J. In this case, 
calculation of the rotational energy of a molecule (to a second 
approximation) leads to the expression 


Ey: —hB,J (J 4- 1) --hD,J* (3-1 1)" (36.7) 


where D, is a constant (D, <B,). Due to the smallness of D,, the 
difference between the more precise expression (36.7) and expres- 
sion (36.5) is not essential ior not too large J. J 
A Fine structure of rotational terms. The rota- 3 
tional energy of a molecule is expressed by for- 
mula (36.5) only in the relatively rare case when 
the total angular momentum of the molecule J 
is completely determined by the rotation red Sealy | 
the nuclei. In the general case, however, the 
vector J is composed (in addition to the angular 
momentum vector of nuclei W) of vectors that 3 
characterise the motion of the electrons in the 
molecule, as may be seen from Fig. 74. Thus, for 
the three cases (Hund’s cases. a, b, and c) consi- ————4 
dered in the previous section, we have: pr 
————— 0 


3 RES SKPS, Fig. 77. Rotational 
c) ]-9J4- 9. ferms n 
Accordingly, for the rotational energy of nuclei 
Ea we get *: 
a) E,í—hB, [J (J 4- 1 — €]. 
b) E, —hB, [K (K 4- ) —^*] | | (86.8) 


c) E= hB, [I (J -- 1) — 9]. 


We note that in the case’ of A—0 and S=0, i.e., in the case 
of !X-terms (and also 0-terms) all three expressions for E,. pass 
into (36.5). ) : 

From, equality (36.8) there follows the following important 
limitation lor the quantum numbers J and K, namely, due to 
E,,2-0, the conditions J=Q and KSA must be fulfilled. And 
so the values J—0 (in the case of integral J) and K-0 are 
possible only when Q=0 and, consequently, when A=0. But 


* The squares of the vectors J and K are equal to h*J (J 4-1) and 
tK (K+ 1), respectively; whereas the squares of Q and A, which are projec- 
tions of vectors L-]-S and L on the axis of the molecule, are equal to 
h:Q? and h^A*. 
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when Q>0, A>0, the minimum values of J and K are deter- 
mined by the values of Q and A (for example, for term 'AK,,,—2); 
here, the numbering of rotational terms must begin with these 
minimum values of J and K. : 

Now let us turn directly to the problem of the fine structure 
of rotational terms. Experiment shows that in most cases the 
rotational terms exhibit a peculiar splitting (fine structure), the 
magnitude of which increases with J (or K). From this fact alone 
it follows that this splitting must be connected with interaction 
between the motion of electrons and the rotation 
of nuclei. To prove this we give the following facts. Splitting of 
rotational levels is not observed in the case of terms ‘2, where 
the relationship between the rotational energy and the quantum 
number J is uniquely determined by formula (36.5). This rela- 
tionship (parabola) is graphically shown in Fig. 78a. From this 
standpoint, precisely in the case of term 'X there should be no 
interaction between electron motion and nuclear rotation, since in 
this case A—0 and S—0. 


5 5 jy 


a) b) c) 


Fig. 78. Rotational energy of molecule as 

a function of the rotational quantum num- 

ber in the case of electron terms X (a), 
22 (b), *2 (c) 


Further, experiment shows that the rotational levels, in the 
case of term ^X, exhibit splitting into two components, the 
magnitude of which increases with J. In this case the dependence 
of Ej, upon J is graphically expressed by two parabolic branches 
(Fig. 78b). In the case of the terms 'Z we have three such 
branches (Fig. 78c). Obviously, in the two latter cases one can 
only speak of interaction between the vectors S and M (S, W), 
because here A==0, as in the first case. We can visuatise this 
interaction as follows. In a magnetic field imposed by rotation 
of nuclei, vector S is oriented in accord with the laws of space 
quantisation, i.e., the number of different orientations of S and, 
hence, the number of splitting components is equal to 2S4 1. 
Applying this rule to the terms 'E, *2, and °S, for which S is 
equal to 0, 1/2, and 1, respectively, we find, for the number of 
components of the fine structure of rotational levels, 1, 2, and 
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3— in complete agreement with experiment. Increase in the mag- 
nitude of splitting with J is associated with increase in the 
magnetic interaction of vectors S and W; this increase is due to 
a build-up of the intramolecular magnetic field with rotation of 
the molecule. : 

Let us examine some more facts. In the case of terms that 
correspond to values 4 7»0, we find splitting of each rotational 
level into two components, irrespective of the multiplicity of the 
term, as is shown in Fig. 79 a, b, and c for 'IL, 'II- and, 'II- 
terms. Here, the magnitude of splitting also increases with J 
(or K). The fact, observed in these cases, that the character of 


m ?g n 


aj [7] D) 


Fig. 79. Rotational energy of molecule as a function 
of the rotational quantum number in the case of 
electron terms "II (a), *II (b), *II (c) 


splitting is independent of the multiplicity of the term (i.e., of 
S) is an indication that the splitting here should be due to inter- 
action between vectors A and W. The growth of the magnitude 
of splitting with rotation of the molecule (J) indicates, further, a 
magnetic type of interaction. 

As has already been pointed out (p. 325), all terms that correspond 
to values A>>0, are doubly degenerate due to the fact that the 
same energy corresponds to the values --A and— A. For this 
reason, when there arises an intramolecular magnetic field due to 
the rotation of the molecule, each such term is split into two com- 
ponents (-- and —) as is the case when an external magnetic 
field is superposed on an electric field (see p.268). This type of 
splitting of rotational terms (see above) is called A-type doubling. 

As regards the interaction of S and M in the case of II-, A-, 
etc., terms, we find that here, in the case of weak rotation (small J), 
there is strong interaction between S and A, which leads to term 
splitting independent of rotation (multiplet structure of a term 
similar to the natural splitting of atomic terms). As the rotation 
increases the (S, 9X) interaction becomes stronger; this, however, 
leads only to closer approaching of the components of the multi- 
plet term (Fig. 79b and c). 

Properties of symmetry of rotational terms. Let us consider the 
extremely important properties of rotational terms associated 
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with the symmetry of appropriate wave functions. If s, denotes 
the electronic wave function and 5,4, the rotational wave function, 
their product, W= Parv is the wave function that characterises 
ihe rotational term belonging to the corresponding electronic 
state of the molecule. Each of the functions pea and w,,, may be 
positive or negative depending on whether the sign of the function 
changes with a change in sign of all coordinates of electrons and 
nuclei (pa) and with change of the sign of the coordinates of the 
nuclei alone, i.e., when the sense of rotation is reversed (p). 
It then turns out that the functions Y, corresponding to even 
values of the number J are positive, and to odd J, negative. 
Therefore, in the case of a positive electron- 

J _ ic function (py,.), all rotational terms cor- 
responding to even J will be positive: 1p, = 

MELIA RUM EE (b. Ps), while the 

terms corresponding to odd J, will be neg- 

E + ative: p — Vaio Dass s. With a neg- 
4 — ative electronic function (p,_), the case 

is reversed, namely: there will be negative 

_ rotational terms for even J:wU. = Ņ4-Yo 


ait actus ---, and positive for odd J: p, = 
pa Pi Py, -.- Thus, in the case of 
p Wo +  E-terms, the corresponding rotational terms 


t 7 will alternately be positive (+) and neg- 
A ative (—) as is shown in Fig. 80a for 
2" (A-0) J[A-j] the term Z+. 
2 b In the case of II-, A-, etc., terms, one of 
the components of A-type doubling of each 
Fee damos Muse zoar onal cm will be positive and the 
other, negative (Fig. 80 b). 
the se ay REUS Unlike n augerent nuclei, in 
the case of molecules with identical nuclei, 
; . a change in sign of the coordinates of the 
nuclei alone (transposition of nuclei) is possible in addition to a 
change in sign of the coordinates of electrons and nuclei, which 
changes lead to positive and negative electronic wave functions (Pu+ 
and pa) and, accordingly to “+” and “—” electronic terms. 
As has been pointed out above (p. 326), this leads to even (g) and odd 
(u) electronic terms of a molecule. If the molecule is in rotation, 
we distinguish symmetric (s) and antisymmetric (a) rotational 
terms, the symmetric being all positive and even or all negative 
and odd terms, while the antisymmetric are all positive and odd 
or negative and even terms. Thus, rotational terms that correspond 
to this electronic term become symmetric (s) and antisymmetric (a) 
in alternation: 
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The components of A-type doubling II, A-, etc., terms have 
diferent symmetry (s and a). To illustrate the properties of sym- 
metry of rotational terms, Fig. 81 gives level-diagrams of the 
X*-term for cases when the positive terms (Fig. 81 a) and the 
negative terms (Fig. 81 b) are symmetric. 

Selection rules. A rotational quantum number obeys definite 
selection rules, like the quantum numbers that determine the 
energy states of atoms. Since J determines the wave function of 
the same type as the orbital quantum number /, the selection rules 
ior both numbers must be the J 
same. Thus, for J we have 4 


Aye (36.9) 
(cf. A= +1, . 237): 4—\— +s Gert 


p 
However, the selection rule 
(36.9) holds only in the case of — 2. ———— -4 


3 
A=0. For A750, 
7 2—3 2— +4 
7 
0 


St iS 


AJ=0, 1. (36.10) 7;——C——« 


O— +s 


We also note ume the case of a) 7] 
spectra of so-called Raman scat- y ies of. symmetry of 
tering of light (Sec. 39), the rig, BI. Propettict Che same nuclei 
quantum number J can also in the case of X-states (A — 0) 
change by +2. K 

Another important selection rule is the rule for combining 
positive and negative rotational terms, according to which transi- 
tions with radiation or absorption of light can occur only between 
ositive and negative terms, i.e, only the following radiative 
iransitions are possible: 


pe and —e+ (36.11) 


Fig. 81a shows that this rule does not contradict rule AJ = + 
4-1 (36.9. Moreover, from Fig. 81b it follows that to each 
transition J-+-1—J in the rotational spectrum (see Sec. 38) of 
a diatomic molecule there will correspond not four components 
but two (--— — and ——-p. 

For the Raman spectra we have the reverse selection rule, 
namely, +-+ and — O, while combinations between posi- 
tive and negative terms are forbidden. This is also in agreement 
with the selection rule AJ=0, +2 for Raman scattering of light 


(see p. 381). 
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In the case of molecules with the same nuclei, on the basis of 
the selection rule- — (36.11) and gu (see p. 337) we also 
have the following selection rule: only symmetric-symmetric and 
antisymmetric-antisymmetric combinations of terms are possible: 


s@s and ama. (36,12) 


Following directly from the selection rule (36.12) in accordance 
with the fact that the rotational terms of a molecule are alternate- 
ly symmetric and antisymmetric is the impossibility of combi- 
nation of rotational terms of a molecule with identical nuclei. 
Consequently, such molecules as H'H', O'*O'*, CI**CI'5, ete., cannot 
exhibit a rotational spectrum, in contrast to the molecules HD, 
O OS TCE GI etc 

We note that from the classical viewpoint the absence of a ro- 
tational spectrum in the case of molecules with identical nuclei is 
due to symmetry of the molecule, as a result of which the dipole 
moment of the molecule does not change when passing from one 
state into another. But in the case of molecules with diferent 
nuclei, the electrical centre of the molecule does not coincide with 
the centre of gravity so that when the state of the molecule changes 
(with a change in the state of rotation, for example) its dipole 
moment changes. This is what leads to the nonzero intensity of 
the spectrum. 

Ortho- and para-states. Since the combinations sa and 
AJ >1 are forbidden, the rotational terms of a molecule having 
identical nuclei are divided into two groups of terms that do not 
combine (s and a). Taking into account nuclear spin, we must 
assign to each group of terms different statistical weights. Indeed, 
for a complete characterisation of the rotational term of a mole- 
cule it is necessary that we take into account also the wave function 
"v. that corresponds to nuclear spin (spin function). Allowing for ` 
separation of variables in the wave equation, we can write the 
total wave function of a molecule in the form Wop, or VU, 
where V. and W, are wave functions that correspond to its sym- 
metric and antisymmetric states. 

Having in view a molecule whose nuclei have spin 1/2 (such, 
for example, is the hydrogen molecule H,) and introducing, for 
a description of the state of a nucleus corresponding to a positive 
value of the projection of spin (+ 1/2), the spin function o, and 
for a state with negative projection of spin (—1/2), the spin 
function B, we will have the following four functions (cf. p. 201) 
representing the general spin factor of the total wave function: 


Y= (1) B (2) — (2) B (1), 
v, —2 (0) (2) +a (2) B (1), 
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$$, =a (1)2 (2), 
p, =f 0) (2). 


Obviously, the first of these functions is antisymmetric (since it 
reverses its sign upon transposition of nuclei) and the other three 
(p,) are symmetric. Consequently, the total wave function will be 
symmetric for combinations Wap, and Vj, and antisymmetric 
for combinations Wap, and W,p,. However, since only such states 
of the molecule are possible that correspond to antisymmetric 
total wave functions, the first two combinations are not realised 
and only the combinations Yp, and W,p, remain. Here, combi- 
nation Wap, corresponds to rotational terms of a molecule with 


terms). And since to function P, 
total nuclear spin 0 of the molecule and, hence, the statistical 


are the antisymmetric terms) are called ortho-terms, while the 
terms with lower statistical weight (the symmetric terms of the H, 
molecule) are called para-terms. This is the origin of the ortho- 


weights, there is a difference in the heat capacity of the two 
modifications (it is particularly great at low temperatures). This 
was how the modifications were discovered. 

We also point out the manifestation of ortho- and para-modi- 
fications of hydrogen in a peculiar alternation of line intensity in 
its spectrum: due to a difference in the statistical weights of the 
symmetric and antisymmetric rotational states, the lines of 
ortho-hydrogen are three times more intense than the lines ' of 
para-hydrogen. We shall return, in Sec. 40, to the problem of 
variable intensities of spectral lines due to the presence of ortho- 
and para-terms. 

Rotational terms of complex molecules. In the general case, a 
polyatomic molecule has three moments of inertia that correspond 
to its three principal axes * and are expressed by the formula 


Plotting on the principal axes quantities that are reciprocals 
of the square roots of these moments of inertia, we obtain the ellipsoid of 
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L=) mri (36.13) 
k 


where m, is the mass of the kth atom and r, is its distance from 
the respective axis. These moments of inertia are called principal 
moments of inertia. In the case of symmetric molecules, the prin- 
cipal axes are always axes of symmetry, while the plane of sym- 
metry is always perpendicular to one of the principal axes. 

As in the case of the diatomic molecule, the principal moments 
of inertia: of polyatomic molecules are the main parameters that 
determine their rotational energy. Depending on the geometrical 
structure of. the molecule, we obtain diflerent expressions for the 
rotational energy. The simplest case is that of linear polyatomic 
molecules. Here, as for diatomic molecules, when the projection 
of the momentum of the electrons on the axis of the molecule is 
zero (A=0, X-state), the moment of inertia relative to this 
axis may be considered equal to zero, and the expression for the 
rotational energy has the form of (36.5). We note that the ground 
states of all known linear polyatomic molecules are X-states. For 
states having A40, the rotational energy is expressed by for- 
mula (36.8) a) or b). In the case of a linear molecule, the quan- 
tities r, in the expression of the moment of inertia (36.13) that 
enters into the rotational constant (36.2) are distances of the 
atoms from the centre of gravity of the molecule. 

Equation (36.5) also expresses the rotational energy of those 

symmetric molecules, all three moments of inertia of which are 
equal. Such, for example, are the molecules CH,, CC!,, P,, SF,, 
etc. It is to be noted, however, that by virtue of certain specific 
properties of symmetry the statistical weight of the rotational 
levels of these molecules (called spherical top molecules) is not 
given by the formula 2J -+ 1, which is valid in the case of diatom- 
ic and linear polyatomic molecules, but has a more involved 
nea that differs for different types of symmetry of rotational 
evels. 
1 Next in structural complexity of rotational levels of polyatom- 
ic molecules is the symmetric top molecule. Molecules that belong 
to this type of symmetry have two different moments of inertia 
(the moments of inertia relative to the principal axes, normal 
to the axis of the molecule, coincide). The symmetric-top type 
includes, among others, all molecules with axes of symmetry of 
an order above two, for instance, BCI, (planar molecule), NH,, 
PCI, (pyramidal molecules), CH,Cl, and others. The rotational 
energy of these molecules is expressed by the formula 


Ej; —hBJ (J + 1) 4- h (A — B) K*. (36.14) 


—I ÉÁÓÁDÓ ERR 
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Here, A and B are the rotational constants, equal to 


M Pu E 
A IT and ie TTE (36.15) 
I, is the moment of inertia relative to the axis of the molecule, 
Ip is the moment of inertia relative to the axes that are perpen- 
dicular to the axis of the molecule, J and K are the rotational 
quantum numbers, and 

J=K, K+1, K-2 (36.16). 

Kiss 0301, 2h (36.17) 


Finally, in the most general case we have molecules with three 
noncoinciding moments of inertia. Such molecules belong to the 
asymmetric-top type. In the case of the asymmetric top, solution 
of the wave equation leads to polynomials to the power 2J--1 
(J is the rotational quantum number), from which it is possible 
io calculate the rotational energy of the molecule as a function 
of its three moments of inertia. Thus, the rotational energy of an 
asymmetric top molecule may be represented by a definite for- 
mula only in the case of small J. To each value of J there cor- 
respond 2J +1 values of rotational energy, hence, 2J-F-1 rotational 
levels. It is common to designate these levels by the symbols J., 
where t=J, J—1l, -- ; Fog —J+ti,—J. The lowest 
level is Jy, the highest, alan, 

In addition to the rotation of a molecule as a whole, in certain 
cases the rotation of one part of the molecule relative to another 
Such internal rotation is evident from the existence 
of what is known as rotational isomerism of molecules with simple 


parts 
rily, 
order, internal rotation is always, to one degree or another, 


hindered (restricted). 
Calculations of the energy of internal rotation show that it is 


quantised like the energy ol rotation of the molecule as a whole. 
Thus, in the simplest case of a symmetric or nearly symmetric 
top molecule (such, for example, is the molecule CH,OH) and on 
the assumption of free rotation, we have the following expression 
for the energy of internal rotation: 


A,A AM 
Eat (ke) (26.18), 
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where k and k, are quantum numbers that assume the follow- 
ing values: 


eee Kea KO, 4515959: 7.... 


and A, A,, and A, are rotational constants equal to 
h 
4n1\) 


h h £ 
A dal. C A= 9 and A,— (36.19) 
Here, Ia is the moment of inertia of the molecule relative to its 
axis, while I? and I? are moments of inertia of parts of the 
molecule rotating one relative to the other about the same axis. 
Thus, the total energy of rotation of a symmetric top is expressed 
by the sum 


Boe PBI (J H1) h (A — B) K'-En S (k, —k $)’. (36.20) 


Free rotation is one limiting case of the internal rotation of 
a molecule. Another limiting case is totally restricted rotation, 
which, essentially, is torsional oscillations (see below, p. 361). 
A theoretical investigation of internal rotation shows that as the 
height of the potential barrier rises above zero (free rotation) to 
a sufficiently large value, which increase leads to complete restric- 
tion of rotation, the levels of free rotation (36.18) gradually pass 
into levels of torsional oscillations. Thus, energy levels that cor- 
respond to internal rotation, which, as has already been pointed 
out, is always, to one degree or another, hindered (restricted), are 
levels that are intermediate between those of free rotation and 
those of torsional oscillations, 


37. Vibrational Terms 


Natural vibration frequencies of molecules. In the least-energy 
state, the atoms of a molecule occupy certain equilibrium positions 
characterised by specific internuclear distances, which are called 
equilibrium distances (re and rj). If this equilibrium is upset the 
atoms perform vibrational motion. If the amplitude of the atomic 
vibrations a is small (small vibrations), variation of interatomic 
distances with time obeys the law 


T —r,—-asin 2not (37.1) 


(harmonic oscillations), where o is the vibrational frequency of the 
molecule. If for the sake of simplicity we take a diatomic mole- 
cule and expand its potential energy in a power series of the small 
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quantity r—r,: 
ðU 1 /@U : 
U=U,+ (22) ata sec ent ase i 


in the case of small vibrations we can confine ourselves to the 
first three terms of the expansion. Since (=) ==0 (the condi- 


or /r— 
tion of equilibrium), the second term in this éxpression disappears 
and the interaction force of the atoms becomes 
ôU aU 
i2 — 2. ——( Jac ——k6—0 (37.3) 


Or 
(quasi-elastic force). Substituting (37.3) into the equation of motion 


d? (r —Te)__ 
CERCA, 


it will readily be seen that the solution of this equation can be 
represented as (37.1). From this solution we get the following 
expression for the vibrational frequency: 


k 
o= me (37.4) 
The quantity k is called the quasi-elastic (force) constant. 
The mechanical problem of small vibrations can be solved in 
the case of a polyatomic molecule ‘as well. From the solution 
of this problem it follows that in the general case a molecule 


This number can also be obtained from the following reasoning. 
An N-atomic molecule has 3N degrees of freedom, of which 3. are 
degrees of freedom of translational motion of the molecule as 
a whole and 3 are rotational degrees of freedom. Deducting these 
six degrees of freedom, we get 3N — 6 vibrational degrees of freedom 
and, hence, in the general case, 3N —6 different frequencies. In 
the case of a linear molecule with only two rotational degrees of 
freedom, the number of vibrational frequencies is 3N — 5. Further, 
in the case of symmetric molecules, such as CO,, CH, CCl,, etc., 
certain frequencies coincide (degeneracy) and the total number of 
different frequencies is less than that calculated from previous 
equations. 
vibrations* of which are depicted in Fig. 82, these coincident 
frequencies are t| 
Min 

* Normal vibrations are simple (linear) oscillatory motions representing 
components of the complex vibrational molion of the molecule as a whole. 
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of the molecule in two mutually perpendicular planes (bending 
vibrations). This vibration is, therefore, degenerate. 

To a doubly degenerate bending vibration of a linear symmetric 
triatomic molecule there corresponds a simple (nondegenerate) vibra- 
tion of a symmetric triatomic molecule of triangular shape, such 


Fig. 82. Vibrations of linear triatomic 
molecule 


as the molecule of water H,O. Such a molecule has three rotational 
degrees of freedom and, hence, 3X 3—6, or three (and not four) 
vibrational degrees of freedom. Three normal vibrations of the 


Fig. 83. Vibrations of symmetric triatomic molecule of triangular shape 


molecule YXY of triangular shape are shown in Fig. 83. Of nine 
normal vibrations of molecule CH, (or, in the general case, any 
tetrahedral molecule of type XY,), one is simple, one is doubly 
degenerate (two normal vibrations) and two are triply degenerate 
(six normal vibrations). And so in place of nine we have only 
four different frequencies. 

We note that to a simple vibration there corresponds a statisti- 
cal weight of 1, to a doubly degenerate vibration, 2, etc. Fig. 84 
gives 12 normal vibrations of a planar molecule of type X,Y, 
(for example, C,H, or C,D,). . 

Vibrationa! terms of a diatomic molecule. The vibrational 
energy of a molecule, which is a quantised quantity, may be deter- 
mined from experimental, mostly spectroscopic, data. The quantised 
vibrational energy is also obtained theoretically, from a solution 
of the wave equation describing the vibrational motion of the 
molecule. In the simplest case of a diatomic molecule (upon 
assumption of separation of variables), the wave equation for 
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vibrations has the form 


d* 2 
3 0. | [Eas — U (0] (0 —0 (37.9) 
or 
d? 
$9) Ewoo (87.5a) 
where 
pee r = 


represents the relative change in interatomic distance and I, is 
the moment of inertia of the molecule. We shall call function 


Y $ Y 


Fig. 84. Normal vibrations of X,Y, molecule (the mass of the X atoms 
is greater than that of the Y atoms) 


(r) or p (o)_the vibrational wave function. The quantity E, in 
equations (37.5) and (37.5a) represents the vibrational energy of 
the molecule calculated from these equations. The vibrational levels 
of the molecule are obtained as a set of the eigenvalues of the prob- 
lem of molecular vibrations. 

To solve this problem we can take advantage of the following 
expression of potential energy U(o) proposed by Morse (Morse 
function): 

U@=D(l—e"y)’. (37.6) 
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The Morse function gives a rough idea of the dependence of poten- 
tial energy of a molecule on the interatomic distance, as may be 
seen from a correlation of the dashed potential-energy curve of the 
H, molecule (Morse function) and the solid curve calculated by 
means of more precise methods (Fig. 85). As is evident from 
Fig. 85, and also from (37.6), the diference U (co) — U (0) — D, 
whence it follows that parameter D is the dissociation energy of 


m 
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Fig. 85. Potential-energy curves of H, molecule by the 
Klein-Rydberg method (curve) and by the Morse familia 
(dashed curve) 


For small o (small vibrations) the Morse function reduces to 
U(o)— Da'o*, which is the potential of quasi-elastic force f=— 
— 2Da'o/[r,—— kr,o where k—2Da*'[r. Consequently, in this 
case the molecule is an harmonic vibrator (oscillator). Substituting 
U=Da’o*=kreg*/2 into (37.5a) we obtain the equation of an 
harmonic oscillator. Solution of this equation yields 


Ey —ho( v 4-3.) (37.7) 
where 


eels ie. a 2D 
o= omnt T (37.8) 


is the natural frequency of the oscillator. The number v, which 
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takes on the values 0, 1, 2, ... 


tum number. 


is called the vibrational quan- 


From equation (37.7) it iollows that the vibrational terms of 


an harmonic oscillator 


Tay —o(v +5) 


(37.9) 


are a system of equidistant terms, the difference of two adjacent 


terms being equal to the frequency o 
the minimum value of vibrational 


Further, according to (37.7) 
energy of a diatomic molecule 
is equal to E,y,(0)—=he/2. 
E,» (0) is called the zero vibra- 
tional energy. 

In Fig. 86, the dashed curve 
is the parabolic potential of an 
harmonic oscillator. This curve 
is close to the Morse curve only 
at small values of o. It therefore 
follows that equation (37.7) for 
the vibrational energy of a mol- 
ecule is roughly correct only 
for small o. A more precise ex- 
pression for the vibrational ener- 
gy of a diatomic molecule is 
obtained by substituting the 
Morse function (37.6) into the 
wave equation. In this case the 
oscillations are no longer har- 


(see Fig. 86, dashed lines). 


Fig. 86. Vibrational terms of a dia- 
tomic molecule; the dashed lines are 
theharmonic oscillator, the solid lines, 
the anharmonic oscillator (after Morse) 


monic (anharmonic oscillator) and from a solution of the wave 
equation we get the following expression for the vibrational terms: 


Tyy=o(v+y)—x0(v+y) 


(37.10) 


In this expression, the constant x, called the anharmonicity con- 


` stant, is 


x= 


The main steps in 


By means of the Morse function, 


y=e) 
d^p 


T: (37.11) 


the solution of equation (37.5) are as follows. 


this equation transforms as 


dy? y dy ! ath? 


Dae 
1 dp, 2le (En; a D_p)y=0. 
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We then represent function «p in the form p= Vy and, com- 
puting ’ and wp’, we transform the equation obtained to 
2D D 


re(848 3) 


where 


9I Ete du 
Mos and Q= us. 

Let us first find the asymptotic solution of the latter equation. 
This solution holds for any high value of y. Since, in this case, 
we can ignore terms containing y in the denominator, the sought- 
for solution should satisfy the differential equation 


n Ud 
I DES f=0. 


As will readily be seen, the solution to this equation has the 
form f,,==e'¥ or f,,—e^? where B= (A'[a)) D. Obviously, only 
the second of the asymptotic solutions (— 0 when y — oo) 
satisfies the necessary requirement of finiteness of function i 
throughout the range of variation of the variable y (cf. p. 178). 
Appealing to the general solution of the equation for function f, 

we get : 
=C (yE, 
Calculating f” and substituting f and f” into this equation, we 
get the following diferential equation for C (y): 

” " Q 2D 

C — 3C E a(S +) C=0. 
As we can readily see by means of simple substitution, the solu- 
lion of the latter equation has the form j 


C—Xby*tk. 
k 
Substituting this polynomial into our differential equation, we get 
Eb, (v 4-9 (VK — 1) yt- — 28 X b, (vHk) yt m 
-p9p* Xy MQ Xy t1 = 0s 
whence, by equating the coefficients of y'"**-', we find the 
following recurrent equation for the coefficients of the polynomial: 
((v-E +E 1) (vk) AQ] byy = [28 (v +K) 207] Dy. 


Again taking into account the necessary condition of finiteness 
of the polynomial C, we limit it by the conditions b,=0 an 


b,,,—0. On the basis of these conditions, we obtain (from the 
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recurrent equation) v(v-+l)=—*Q and y-+vy+1=f or, elim- 
inating v, 

2Q—=(B —v)(B—V naf —2 (v4) v0 
Substituting, into the latter equality, the value of Q and noting 
that p= (A*[a^) D, we find 


E25 (vtt) (o3): 
whence, due to (37.8) and (37.11), we get 
Eme ho(v +5) — hox (x+) 


and, hence, arrive at (37.10). 

As can be seen from expression (37.10), the terms of the 
anharmonic oscillator are no longer equidistant; the distance be- 
tween two adjacent terms is equal to 


AT p= 0 — 2x0 (v4 1), (37.12) 


i.e, it diminishes with increasing quantum number v. The terms 
of the anharmonic oscillator are shown in Fig. 86 (solid lines). 

As will be seen from equations (37.10) and (37.12), the terms 
of the anharmonic oscillator converge to a certain limit which is 
determined by the condition: 


AT, =O — 2, (Vmax T )j—9 


or 

1 
Val 
Substituting this value of Vmax into formula (37.10) and using 
(37.11), we obtain the following expression for the maximum 
vibrational energy of a diatomic molecule: 


__ ho Rr. SEU. 
BT, e —x)—D Roy 
which, since x*«£1 (see below), turns into the expression 
h 
hT 4 = Gy = D> (37.13) 


From this expression it follows that the vibrational energy of 
a diatomic molecule cannot exceed its energy of dissociation. 
It may be added that the thermal dissociation of molecules is 
connected with excitation of vibrations which, upon attainment 
Of Vmax (convergence limit of vibrational terms), leads to decom- 
position of the molecule. 
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The approximate nature of the Morse function is evident from 
the fact that the actual terms of a diatomic molecule can be 
represented by formula (37.10) only for small v. From spectroscop- 
ic data it follows that the best approximation is the formula 


du. o(v | z) xo( v ! z) tye(v+3) +. (37.14) 


The quantities x, y, etc., in this formula ordinarily satisfy the 
relation 12» xX Sy! m... 

Fig. 87, for states with v—0, 1, 2, 3, 4, and 10, gives the 
eigenfunctions that represent solutions of the wave equation (37.52) 
in the case of an harmonic oscillator (dashed line), and also 
functions wip*, which determine the probability of finding atoms 
at a distance r from one another (solid curves). In the simplest 
case of a zero vibrational state, function wp, is expressed by 
the following formula (with an accuracy to the normalising factor): 


P= oe", 


that is to say, it is a Gauss error function, As can be seen from 
Fig. 87, in the states with v>>0, the function pp* has two main 
maxima; these maxima correspond to turning points, i.e., points 
at which the relative velocity of motion of the atoms in a classi- 
cal oscillator reverses sign when passing through zero, and sig- 
nify that the appropriate interatomic distances are most frequently 
realised. 

Vibrational terms of polyatomic molecules. For vibrational 
terms of a triatomic molecule, various authors, by solution of the 
appropriate wave equation, obtained an expression of the form 


1 1 
Touw ma (utd) te (nrg) be (nt) + 
ne 1M Iw 
Fx (v) 4x (v3) (e) + 
1 1 1 1 
+x.(v.+5) (vty) +e (v, +7) (v +z) 
1y 1 
s (vtr) (37.15) 
Here, v,, v,, and v, are vibrational quantum numbers, O, ®» 
and o, are frequencies of normal vibrations and x, are constant s 
of anharmonicity and constants of mutual coupling of vibrations: 
the constants x,,, x,, and x,, correspond to the anharmonicity 


constant x of a diatomic molecule, the others characterise the 
mutual coupling of vibrations of the molecule. To illustrate 
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equation (37.15), we give in Fig. 88 a diagram of vibrational 
terms of a molecule of water as determined from spectroscopic data. 

A natural generalisation of (37.5) for the case of an N-atomic 
molecule is the equation 


dee Ya = Le (utz)+ 
13x (eH) eb 


However, it must be said that the vibrational terms have been 
studied experimentally only for comparatively few triatomic 
molecules, and we know of very 


(37.16) 


En E % few molecules with the number 
———4 Ui 4 of atoms greater than three for 
9 which a complete diagram of 

8 vibrational terms has been es- 

—— 7 J tablished. But for a rather large 
6 number of molecules we have a 

5 complete set of vibrational fre- 

2 —— — 2 quencies exhibited in spectra. 

4 It also may be added that a 

m characteristic feature of vibra- 

Ca Sh 27? tional terms of polyatomic mol- 
ecules is accidental degeneracy, 

ji which is caused by close coinci- 

0 l g dence of the energies of two 

SH e tor terms. For example, we have such 


coincidence in the case of the CO, 
molecule, which, due to o,= 
. 1337 cm-' and 20,— 1334 cm", 
has nearly coincident levels v, — 1, v,—0, v,=0, and v,=9, 
v,—2 and v,=0. Due to this resonance, called Fermi resonance, 
there occurs a mutual perturbation of vibrational terms, the 
effect of this perturbation being their displacement in opposite 
directions (in “mutual repulsion” of terms). As a result of this 
shift, we observe departures of the vibrational energy of the 
molecules from the regularities expressed by equations like (37.15). 
In connection with Fermi resonance, it is essential to point 
out that mutual perturbation of vibrational terms occurs only in 
cases when these terms belong to the same type of symmetry. 
For instance, as is seen from Fig. 88, two vibrations of the mole- 
cule H,O have close frequencies (@,=3614 cm’ and 0,— « 
— 3709 em7?); however, by virtue of-the fact that these vibrations 
belong to different types of symmetry, Fermi resonance is not 


Fig. 88. Vibrational terms of a mol- 
ecule of water. 
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observed here. In contradistinction to these two states (v,— 1, 
v,—0, v,=9, and v,—0, v,—0, y,—1), all states of the 
molecule H,O V, Vs Vs (with v, 22) and v,—2, v, V. 2 
having the same symmetry mutually perturb each other, according 
to Darling and Dennison. 

Fermi resonance was also detected in the case of COS, CS,, 
COSe, ICN, CH,, and other molecules. 

Torsional oscillations. As has already been poined out (p. 350), 
restricted rotation of one part of a molecule relative to another: 
leads to torsional oscillations that appear when the atoms in 
a molecule form configurations separated by minima of potential 


-90° 0° 90 180° X 270 


Fig. 89. Potential energy as à function of the torsion 
angle in molecules of the ethylene type C,H, 


energy. Such, for example, are two energetically identical config- 
urations of the molecule C,H, or CH,OH, etc. The dependence of 
the potential energy of an ethylene-type molecule upon the angle 
of torsion x is given in Fig. 89. This figure also gives the levels 
of torsional oscillations (the splitting of each level into two 
components is due to the finite probability of passage through the 
potential barrier). 

When the potential function of torsional oscillations has the 
form shown in Fig. 89, it is usually represented in the form 


U=4 U, (1 — cos ny) (37.17) 


where n is the number of identical minima and U, is the height 
of the potential barrier separating these minima. The levels of 
illations lying significantly below the barrier and, 

i Il oscillations are the levels of an 


harmonic oscillator; to them corresponds the formula 
T—o(v--5): (37.18) 


because in the case of small oscillations, i.e., small y, cos nx 
may be represented as 1—?|,n'y then the potential function 
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assumes the form U,(ny/2), i.e., the form of a potential of 
quasi-elastic force. In this case, for the frequency of torsional 
oscillations we get the following formula: 


=e U,A, A, 
o=n Vs (37.19) 


where A, A,, and A, are rotational constants with the same 
values as those given on p. 350. For a symmetric molecule of the 
type C,H, or C,H, (since A, = A,— 2A), (37.19) becomes 


6 —2n V U,A. (37.20) 


Equations (37.19) and (37.20) can be used to determine the 
height of the potential barrier from the measured values of o 
and A. In this way, for the C,H, molecule we get U, = 8700 cm", 
for the molecule trans-CH,CH — CHF, U,=770 cm-^'. Calcula- 
tions of the potential-barrier height for molecules with simple 
bonds (C,H, and CH,OH) usually yield smaller values. For 
example, the barrier in CH,OH is 388 cm-', in H,O,, 113 cm", 
in CH,NO,, 2.1 em-'. 

Due to the finite probability of the tunnel process, the transi- 
tion of a molecule from one position to another, which corresponds 
io the adjacent minimum of potential energy, is possible also at 
values of energy of torsional oscillations that are less than the 
height of the potential barrier. Given an inverse relationship 
between the vibrational energy and the barrier height, torsional 
oscillations pass into free rotation. For the molecules considered 
(C,H,, etc.) that contain the same atoms in rotating groups, the 
different interconverting configurations are indistinguishable. But 
in molecules containing diflerent atoms, for instance, in the 
molecule C,ABXY, the configuration ABC—CXY and the config- 
uration ABC==CYX derived from it have different properties 
that correspond to two different tautomeric modifications of the 
given substance. In such cases, the rate of tautomeric transfor- 
mation can serve as a measure of the probability of transition 
of a molecule from one configuration to another. 

Inversion. In the cases that we have considered, the transition 
of a molecule from one configuration to another is a result of 
mutual rotation of parts of the molecule. Cases are possible 
when one configuration passes into another not as a result of 
rotation but due to inversion, or transformation, which might 
also be called a mirror reflection. An example is the molecule 
NH, (XY,), for which two configurations are possible that inter- 
transform by inversion and that correspond to two possible posi- 
tions of the atom N (X) with respect to the plane in which the 
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vibrational levels of the molecule which are associated with 
vibrations of the atom N (X) relative to H,(Y,). Due to the 
finite height of the potential barrier, we have resonance split- 
ting of vibrational levels (similar to the splitting of levels of 


Fig. 90. Potential energy of a pyramidal mol- 
ecule XY, as a function of the distance of 
the X atom from the Y; plane 


vel consists of two compo- 
rapidly with increase in 
itude of doublet splitting 
lated to the probability of transition of the mole- 
ion to another, which enables one to 


torsional oscillations, p. 361), and each le 
nents, the distance between which rises 


sec, which is greater t 
relative to the plane of H, 
of inversion must be particu 


by a factor of 3.3X 10°. The time 
larly great in the case of heavy 
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atoms because the probability of the tunnel transition diminishes 
drastically with increase in the mass of the atom. 

Up to now we have assumed that the vibrational and rotation- 
al motions of molecules are independent of one another. In 
reality, however, as a result of vibrations (just as in the case 
of rotation of the molecule) changes occur in the mean distances 
between the atoms, as a result of which both types of inter- 
nal motion of the molecule cease to be independent of one 
another. Accordingly, in a more precise theory that takes into 
account the mutual relations of vibrations and rotation, the 
rotational constants are dependent upon the vibrational quantum 
number. For small values of v, this dependence leads to a slight 
correction, whereas for sufficiently large v it exerts a significant 
eflect on the energy of the molecule, which can no longer be 
expressed simply by the sum of the vibrational and rotational 
energies (see Sec. 38). However, having in view only an eluci- 
dation of the general structure of molecular spectra, in future 
we shall more frequently consider (approximately) the energy 
of a molecule as additively composed of the electronic, vibra- 
tional, and rotational energies. 


38. Rotational and Rotation-Vibration Molecular Spectra 


Rotational spectra. Rotational spectra are due solely to changes 
in the rotational energy of the molecule. Let us first con- 
sider the simpler case of diatomic molecules. Calculating the 
frequencies of spectral lines as the differences of rotational 
terms (36.6), we get 


v=B[J' (+1) —J (1 4-1] (38.1) 


or, taking into account the selection rule for the rotational 
quantum number AJ —--1, 


v—23B (J 1-1). (38.2) 


From (38.2) it follows, to a first approximation, that the 
rotational spectrum of a diatomic molecule is (since we identify 
the molecule with a rigid rotator) a series of equidistant lines 
with the spacing of adjacent lines 


Av—9B [(J 4- 12-1) —  4- 1] —2B. (38.3) 
If we determine 2B experimentally, we can, from (36.2), cal- 
culate the moment of inertia of molecule I, and the equilibrium 


interatomic distance r,. For example, from the distance between 
ihe lines of the rotational spectrum of HCI, equal to 20.68 cm~’, 
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we find B,— 10.34 em’, which, from (36.2), yields I= 
—2.711x10-9 -g em* and, since p—1.638x 107 g, then 
r,— 1.29 X 107* cm. 

Knowing the moment oi inertia of the molecule (or at least 
its approximate value), one can solve the inverse problem, that 
of calculating the distance between the lines of a rotational 
spectrum and the absolute values oi the frequencies, i.e., find 
the region of the spectrum in whieh the rotational spectrum of 
the given molecule lies. We find that, depending on the moment 
of inertia of the molecule, this spectrum can lie within a broad 
range of wavelengths measured in tens and hundreds of microns, 
right up to millimetres and centimetres (the far infrared). 

The distribution of intensity between the separate lines of the 
rotational spectrum is directly related to 
molecules in rotational levels. If this distribution is an equilib- 
rium one (thermal), then the number of molecules in the Jth 
level is determined by the Boltzmann distribution law 


BJ (ED. 
ES! KL 
n() = Ot er (38.4) 
Japie 0s 


where n(J) is the number of molecules in the Jth rotational 
level, and n is the total number of molecules. The sum in the 
denominator, which is called the rotational sum of states, obvi- 
ously depends only on the rotational constant B and on the 
absolute temperature T, but is independent of the number J. 
We shall henceforward designate this sum Zp: 


J=o0 d hBJ (J 4-1) 
Zg— X Q-4nDe imum (38.5) 
J=0 


A measure of the line intensity in the absorption spectrum is 
its absorption coefficient pon (J), which enters into the for- 


mula 
1— Le^nt. (38.6) 


Here, I, and I are, respectively, the intensities of incident and 
transmitted light and d is the thickness of the absorbing layer. 
Since p? is practically constant for all lines, from poen (J) it 
follows that in the case of thermal equilibrium the distribution 
of intensity between separate lines of the rotational spectrum is 
determined by the Boltzmann law. 

Rotational spectra of complex molecules are determined by the 
molecular structure. Linear molecules have the simplest structure; 
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the structures of their rotational spectra are in no way different 
from those of.the spectra of diatomic molecules. Next in com- 
plexity come the rotational spectra of molecules belonging to the 
symmetric-top class. From (36.14), which expresses the rotation- 
al energy of a molecule of this class, and from the selection 
rules AJ—0, +1 and AK—0, we get a formula (for line fre- 
quencies of the rotational spectrum) that coincides with (38.2); 
the rotational spectrum of a symmetric top then consists of 
equidistant lines just as the spectrum of a linear or diatomic 
molecule. However, due to the fact that in reality each line in 
the spectrum of a symmetric top molecule consists of J-|-1l or- 
dinarily merging lines, given insufficient resolution (these lines 
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Fig. 91. Part of the rotational spectrum of a PH, molecule (after 
Wright and Randall) 
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are obtained from the more exact equation for the rotational 
energy, which takes into account the stretching of the molecule 
under the action of a centrifugal force) the intensities of equidis- 
tant unresolved lines observed in the spectrum are no longer 
determined by the Boltzmann law, but depend on the rotational 
quantum number in a more complicated way. Fig. 91 shows the 
rotational absorption spectrum of a PH, molecule which belongs 
to the symmetric-top type. 

Unlike the spectra of diatomic and polyatomic linear mole- 
cules and also the spectra of symmetric-top molecules, the rota- 
tional spectra of asymmetric-top molecuies have a very complex 
structure due to the complex dependence of the rotational energy 
upon the rotational quantum number (p. 348). To illustrate the 
structural complexity of the rotational spectrum of an asymmetric- 
top molecule, we indicate that, for example, when combining two 
systems of levels characterised by the quantum numbers J = 3 and 
J=4, respectively, 32 allowed lines are possible: 6 in combina- 
tions of different sublevels 3. (J — 3, different x), 10 in combinations 
of different sublevels 4. and 16 in combinations of different 3, with 
different 4.. The structural complexity of the rotational spectra 
of asymmetric-top molecules explains why these spectra have been 
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studied only in a very limited number of cases, including the 
water molecule. A detailed analysis of the rotational spectrum ` 
of H,O was given by Mecke, who obtained the following values 
for the three moments of inertia of the H,O molecule: 1,= 
=0.995 X 107**, I, — 1.908 X 10-*°, and 1,— 2.980 X 10-*" g cm’. 
As has already been pointed out, rotational spectra are observed 
in the far infrared.-Until recently, this was one of the most 
inaccessible regions oi the spectrum, and only during recent 
years with the application of radio methods has substantial 
progress been made in the study of molecular spectra. The in- 
irared is now just as accessible as the photographic region of the 
spectrum. During these years, many radiospectroscopic studies 
devoted to investigations of rotational spectra and determinations 
of various molecular constants have been made. 
Rotation-vibration spectra. The distances “between adjacent 
lines of a rotational spectrum, which distances we shall, for the 
sake of convenience, call rotational quantum, are quantities of 
the order of 2B,, i.e., of the order of 1 to 10 cm-', while the 
distances between adjacent vibrational levels (vibrational quanta), 
which are measured by the vibrational frequency of the molecule, 
are of the order of magnitude of 100-1000 cm". And so, whereas 
rotational spectra can be observed in pure form, the excitation 
solely of vibrations appears possible only in extremely rare and 
special cases. In almost all cases there is a simultaneous change 
in the vibrational and rotational states of the molecule. The 
spectrum produced by change in both forms of internal energy of 
the molecule is called a rofation-vibration spectrum. 
Disregarding the interaction of vibrations with rotation (see 
above), we express the total energy of the molecule by the addi- 


tive formula 
E= Ea + Evin + Ej 


where E,, designates electronic, E,» vibrational, and E,,, rota- 
tional energy of the molecule. In the case of a rotation-vibration 
spectrum, the electronic energy of the molecule does not change, 
and for the line frequencies of this spectrum we get the expression 


E pm E Et E 
2 s vib | rot n rot — wi H Yeot: (38.7) 
The prime here corresponds to the upper rotational and vibra- 
tional states, while vyp denotes the frequencies of the “pure” 
vibrational spectrum. Since, from the foregoing, the difference 
between the rotational terms Vt Trot — Tro: is two to three or- 
ders of magnitude less than v, on the basis of (38.7) one should 
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conclude that rotation does not disturb the vibrational structure 
* of a molecular spectrum. As a result of the superposition of small 
rotational quanta on vibrational quanta, the lines of the vibra- 
tional spectrum are converted into bands, groups of rotational 
lines. That is how we get the /inear-band structure of the rota- 
tion-vibration spectrum. 

Disregarding the rotation of the molecule, let us first find out 
the nature of the band (vibrational) structure of the spectrum. 
Describing each band by the frequency vyp we get the vibrational 
spectrum of the molecule as a set of these frequencies. 

The vibrational structure of a spectrum is simplest in the case 
of diatomic molecules. A necessary condition for the appearance 
of vibrational bands in the spectra of these molecules is the 
presence of a dipole moment or, more precisely, variation of 
dipole moment associated with appropriate quantum transitions 
of the molecule. Whence it follows that diatomic molecules con- 
sisting of the same atoms cannot have rotation-vibraticn spectra. 
In this case, the vibrational frequencies are called optically 
inactive. 

However, it is possible to observe optically inactive frequen- 
cies at high pressures when, due to collisions, the symmetry of 
the molecule is upset. For example, at pressures of 150 atm and 
higher we observe absorption bands y=0-—+v’—1 for H, N, 
and O,. In the same way, at pressures up to 25 atm the absorp- 
tion spectrum of acetylene C,H, exhibits an optically inactive 
band o,— 1974 cm-', which corresponds to symmetric vibration 
of the molecule, at which its dipole moment does not change. 
The intensity increase of this band in proportion to the square 
of the gas density indicates that its appearance is due to delor- 
mation of the C,H, molecule in collisions. 

It will be noted that according to the data of a number of 
authors, optically inactive frequencies (for example, the above- 
mentioned frequency of H,) are also observed during the adsorp- 
tion of gases on solid surfaces. This effect is undoubtedly also 
associated with the appearance of a dipole moment due to defor- 
mation of the molecule in “adsorption. 

Calculation of transitional moments that correspond to various 
changes. in the vibrational quantum number (Av) lead, for an 
harmonie oscillator, to the following selection rule: Aye 
However, any values of Av are possible for an anharmonic oscil- 
lator. As has already been pointed out (p. 357), real molecules 
are anharmonic oscillators, so that any combinations of v v 
are permissible. However, due to comparatively weak anharmoni- 
city of vibrations (x*«£ 1), band intensities in rotation-vibration 
spectra, as a rule, diminish rapidly with growth of Av. , 
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For vibrational frequencies Vy = Tett — Tuo: from (37.10) we 
get the following expression: 
vas o (1 —x) (v — v) —ex (v* — v). (38.8) 


According to this expression, the vibrational spectrum of a di- 
atomic molecule appears as a set of series of bands that correspond 
io the transition of the molecule from the given vibrational level 
to adjacent levels. Such, ior example, is the series resulting from 
a transition from the zero vibrational level (v—0) to higher-ly- 
ing levels (absorption spectrum). In the case of this (zero) series, 
(38.8) takes the form 


vay (0, v) o (1— x) v' — xv", (38.9) 


and we get the following set of lines (bands): 
v =o (1— 2x), v, —2o(1 — 3x), v,—3o (1 — 4x), 


etc. The spacing of two adjacent lines diminishes with increas- 
ing v' and, hence, with the frequency, as is seen from the 
diflerences: v, — v, = 6 (1 — 4x), v, — v,—0(l— 6x), ete. All 
the other series have a similar structure. The lines Wi, of each 
series of the vibrational spectrum converge to a certain limit, 
which corresponds to similar convergence of vibrational levels of 
the molecule (cf. p. 357). This convergence limit corresponds to 
dissociation of the molecule. 

The series structure is also characteristic of vibrational (rota- 
tion-vibration) spectra of polyatomic molecules. Due to the com- 
plexity of the scheme of vibrational levels of these molecules (see 
(37.15) and (37.16), and also Fig. 88), the vibrational structure 
here is naturally more complex. For example, due to the simul- 
taneous excitation of a large number of different levels (combina- 
tion frequencies) the series structure in these spectra is ordina- 
rily not so clearcut. 

Inasmuch as the intensity of the infrared bands is entirely due 
to change in the dipole moments of molecules, there is a definite 
possibility of finding the dipole moments of bonds from meas- 
urements of the intensities in infrared spectra. This possibility 
was first pointed out by Mecke, who was also the first to attempt 
to determine the dipole moments of certain bonds from spectro- 
scopic data (see p. 455). 

When considering the rotational structure of rotation-vibration 
spectra, we must, in the general case, proceed from the expres- 
sion for the energy of a simultaneously rotating and vibrating 
molecule. This expression can be obtained by solving the general 
wave equation for the function sp(r, 0, @), i.e, without resorting 
io an approximation associated with allowance lor separation of 
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variables that reduces the problem to the solution of two equa- 
tions: the wave equation for function *p,ip(r) and the wave equation 
for function Prot (v, q). Weizel obtained the following expression 
for the energy of a diatomic molecule, on the well-known assump- 
tion concerning the form of function of potential energy U and 
by solving the general equation: 


E=E,+h|o(v+3)—ox (v-- 3) cov (v i-re 
-ph|BJ(4-D-ED,*(44-D*4-...] (38.10) 
where 
B, —B, —ev-E wv 4. — B, — a (v4-5) 4- 
yv 3) +- (38.11) 
and 


D,=D,+pv-+.. =D. 4E B (v T)bmee (38.12) 


Expression (38.10) can, provisionally, be rewritten in the 


form 
E= Ea ED Ej ES ENS 


however, unlike the analogous additive formula that we have 
already used, the rotational energy 


Ej —h [B,J (J-+ 1) —- D,J*  -- 1*4. . .] (38.13) 


is in this case dependent not only on the rotational quantum 
number J, but, according to expressions (38.11) and (38.12), 
which take into account the interaction of vibrations and rotation, 
also on the vibrational quantum number v, i.e., it is a complex 
function of the numbers J and v. This dependence of the rotation- 
al energy of a molecule on both quantum numbers, which is 
due primarily to change in the moment of inertia of the mole- 
cule when ihe vibrations are excited (because then there is a 
change in the equilibrium distance between nuclei), is the reason 
for there being no additivity of vibrational and rotational ener- 
gies of the molecule. 

But in order to determine the general nature of the rotational 
structure of molecular spectra we can take advantage of a still 
simpler equation: 


v= Win B, (F 471) —J (J+ 0]. (38.14) 


which is derived by substitution of (38.1) into (38.7) and which 
assumes additivity of the vibrational and rotational energies and 
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also rigidity of the molecule (D,==9). It should be pointed out 
that due to the smallness of the quantities D, &, f, Y, ---» 
disregarding them leads to an appreciable distortion of the true 
structure of the spectrum only for sufficiently large values of 
the quantum numbers v and J. 

To study the arrangement of rotational lines in a band charac- 
terised by definite values of numbers v and v', i.e., Vyp — const, 
we take the second term of (38.14), which determines the fine 
rotational structure of the band. In the simplest case of Y-states, 
according to the selection rule for the rotational quantum num- 
ber (36.9), we have J’=J-+-1. When J'=J-+1, from equality 
(38.14) we get a group of lines 


v i= 2B, ( +1), (38.15) 
which is characterised by the values v7» vs. This group of lines 


is called the positive, or R-branch of the band. J'==J— 1 yields 
a group of lines with v < Win 


wi = Vy — 2B, (38.16) 

called the negative, or P-branch. v 
The lines of the latter group begin with J—l, because J —0 
corresponds to J'—J —l=— l1, which is meaningless physically. 


We thus obtain the following lines that form R- and P-branches 
of the given band: 


J 0 1 2 3 


R vit 2B Vin + 4B Win + 6B Win + 8B «.. 
P — Vip 2B vi — 4B Vip — 6B s. 
i.e, a series of equidistant lines with a zero-gap vy, (called the 
zero line of the band) and the distance between adjacent lines 
equal to Av —2B. A ; 
The set of lines thus obtained is graphically represented in 
Fig. 92 (for the sake of clarity, only every other line is shown), 
where two straight lines denote the R- and P-branches. In reality, 
due to interaction between rotation and vibration these straight 
lines become curved. Indeed, substituting into (38.7) the values 
of rotational energy (38.13) and ignoring the constant D (and 
also terms with higher powers of J), we get the following expres- 
sion for the frequency of the rotational lines of the given band: 


v= Vp Bel" Q' 4-1) — BJ Q 4-1), (38.17) 


irom which we find 


v, ova e B) CH D+ By — B) G+ D* 8.18) 


13* 
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and. 


E (Bed pB)J-4-(Be—B)P. —— (88.19) 
It is readily seen that the dependence of v, and v., upon J 
obtained from these formulas corresponds to parabolic branches 


of the second order. They are depicted in Fig. 92 by the dashed 
lines. 


Li a IE i] ' ' 
bosse permet 
Vo dw ' D i 
Fig. 92. Distribution of lines of P- and R-branches 
in the band of a vibration-rotation spectrum without 


regard for (solid lines) and with regard for (dashed 
lines) interaction between rotation and vibration 


Fig. 93 shows an absorption band of HCl 43.5 (v —0 — v' = 1). 
A striking thing here is the uniform distribution of approximately 
equidistant rotational lines,* a characteristic minimum of inten- 
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Fig. 93. Absorption band of HCl A 3.5 p (0 — 1’) 


* From formula Av= 55 M it follows that in passing from the wave- 


length scale (Fig. 93) to the scale of frequencies, the distances between 
rotational lines should differ less. ` 
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sity at the point of the zero line (vvip), and two maxima of in- 
tensity (one in each of the R- and P-branches). vi 
Intensity distribution in bands (absorption spectrum). These 
maxima are due to the intensity distribution of rotational lines 
oi the band, which in turn are determined by the Boltzmann 
distribution of molecules according to rotational levels and the 
probabilities of appropriate transitions. i 
Distribution of molecules in rotational levels is expressed by 
equation (38.4) (p. 365), while the measure of intensity of the 
line in the absorption spectrum is its absorption coefficient, which 
can be represented in the form diss 
oJ (S++) 


kT E 
rire n (38:20) 


pn ()-—u z 
where p* is a constant proportional to the probability of the 
appropriate quantum transition. Here we are interested in the 
relative probabilities of transitions, which can be determined 
theoretically with comparative ease. "t 

These probabilities are determined with particular ease in the 
case of the terms ‘>. In this case, two transitions 
(J-+J--1 and J —J — 1) are possible from each level with a 
definite J value (with the exception oi J—0). We denote the 
total probability of these transitions by A, and the probability 
of each of them separately, by A, and A_; obviously A, =A, +A_. 
Calculations show that the A, remains approximately constant 
within the limits of a given band. Ordinarily, to characterise 
the relative probabilities of transitions we introduce the so-called 
intensity factor i, which is determined from the equality 
iA, — (2J +1) A, whence it follows that 


Yi=i, +i. —w+1. (38.21) 


Introducing the intensity factor into the expression for the absorp- 
tion coefficient (38.20), we obtain ci 
hBoJ (J 4-1) 
on kT : 
Sis (38.22) 
s j 

The values of intensity factors ior various transitions in the 
case of 'X-terms can be obtained on the basis of the following 
reasoning. To the transitions J — J' and J' — J there correspond 
the same values of intensity factors because the numbers J and J' 
enter symmetrically into the expressions of the appropriate quasi- 
moments. For this reason (see also (38.21)), we must assign to 
transitions O—+1’ and 1'—0, i(0)=i, (0)—1 (i. -in this case 
is zero), and to transitions 1—-0’ and 0 —«1, i(l)—i. (1)——1. 
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But in the latter case, the transition 1—2 is also possible 
from the level J—1. Designating the appropriate intensity fac- 
tor by i, (D), we find, from equality (38.21), i, (1) —3—1—2. 
Consequently, for the transition 2— 1" we also have i_ (2) —2. 
Whence, for the transitions 2—53' and 3—?2' we obtain, by 
means of (38.21), i,(2)—i.(3)—5 —2— 3, etc. Generalising 
the results of these calculations, we arrive at the following equa- 
tions for the intensity factors of lines belonging to the R- and 
P-branches of the band: 

R: i, J=I+1, | 

P: i_(J)=J. 


Taking advantage of equations (38.23), we can, from expres- 
sion (38.22), find the value of J and, consequently, the frequency 
lor wavelength) to which, at the given temperature, there corre- 
sponds a maximum of intensity in each branch of the band. Differ- 
entiating (38.22) with respect to J, we obtain the following 
condition of maximum: 


S iQJ+1)a, a= 


(38.23) 


which for the R- and P-branches will be written in the form: 
2J5.--3J, -- 1— 1Ja(R) and 2J5.-- J. — l/a (P). Solving these 
equations, we find the values of J, and J., by means of which 
we can determine the frequencies v, and v. that correspond to 
the maximum intensity. 
We calculate the distance between maxima Av,,,. From (38.15) 
and (38.16) we find, for the quantity Avg, ` 
Avmar =V — ¥-==2B, (HID). 
Solving the quadratic equations for J, and J_ we obtain 
J,--J_-- 1=2/a* and, hence, Av,,,—2B, V2/a. Substituting 
here the quantities a—hB,/kT and B,—h/4xl,, we get 
DERI 
Minx == VT - (38.24) 
A formula identical to (38.24) was proposed by Bjerrum for 
determining the moment of inertia of a molecule (I,) from the 
distance between the maxima of the bands Av,,,,' 
DEA ETSET, 
S00 QU Yma* C 
* This simple formula is obtained on the assumption that a<2, which is 


always the case at room and higher temperatures. For differeni molecules 
at room temperature, a ranges between 0.1 and 0.001. 
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For this reason, bands with a double maximum in rotation-vibra- 
tion spectra are sometimes called Bjerrum doublets. 

The Bjerrum formula is important in that with its help one 
can determine the moment of inertia of a molecule without 
analysing the fine structure of the bands. True, it must be said 
that the accuracy of this determination is usually not high, due 
io insufficient accuracy of measurement of Avmax. However, the 
Bjerrum method is sometimes useful for obtaining tentative data. 

Let us compute A2,,, for the A 3.5 p band of HCI given in 
Fig. 93. Substituting into (38.24) 1I,— 2.71 Jagram em* 
(see p. 365) and T — 273°K, we find: Adma — 0.15 p. Approximately 
the same quantity AA, is obtained from experiment (see Fig. 93). 
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Fig. 94. Fine structure of band À 9.55 u CH,F (after Benett and Meyer) 


As for the ‘rotational structure of the spectra of complex 
molecules, suffice it here to say that the structure of these spectra 
is, asarule, far more complicated than the structure of the spectra 
of diatomic molecules. However, in some (true, comparatively 
rare) cases, the rotational structure of the spectrum of a complex 
molecule is just as simple as that of a diatomic molecule. 
A simple spectrum (with respect to its rotational structure) is, 
for example, that of molecules that belong to the symmetric-top 
type, such as NH,, CH,X (X —F, Cl, Br, I), and also the spec- 
trum of CH, (spherical top molecule). In this case, when the direction 
of the electric moment of the molecule coincides withits axis, the 
rotation-vibration spectrum exhibits bands with even distribution 
of approximately equidistant rotational lines similar to the 
spectra of diatomic molecules. However, unlike, for instance, the 
above-considered spectrum HCI (Fig. 93), we have, here, also a 
zero line (vyip) associated with the transitions AJ==0, as a result 
of which we ordinarily get a group of lines that are close to the 
wy line. This group of lines forms the Q-branch of the band. 
Such, for example, is the fine (rotational) structure of the 4 9.55 
u band of the molecule CH,F, given in Fig. 94, in which the 
Q-branch is just as prominent as the R- and P-branches. We 
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note that the Q-branch is also observed in the case of diatomic mole- 
cules with A>0, for which, according to the selection rule 
(36.10), there are R-, P-, and Q-branches. The NO molecule 
whose ground state is the state ° (A=!) is an instance of these 
molecules. 

The spectrum of a symmetric top molecule has a far more 
complex structure when the electric moment does not coincide 
with the axis of the molecule. The complex rotational structure 
of the bands is also characteristic of asymmetric-top molecules. 
This can be seen even from the complexity of the structure of 
the rotational spectrum of water (see p. 366). 


39. Raman Spectra 


Vibrational Raman spectrum. When a gas, liquid or solid is 
illuminated with a sufficiently powerful linear source of light, we 
observe in the spectrum of scattered light not only lines (v,) 
that belong to the spectrum of the source itself (Rayleigh scat- 


Fig. 95. Scattering spectrum of CCl, (after Glockler). The numbers under 
the spectrum designate Raman-line frequencies 


tering of light) but new lines displaced from the lines of the 
source. This phenomenon, discovered by Raman in India and, 
simultaneously, by Landsberg and Mandelshtam in Moscow in 1928, 
became known as Raman scattering or the Raman effect (in the 
Russian literature, combination scattering). The displaced lines 
are called Raman lines (v,). Fig. 95 gives the Raman spectrum 
of carbon tetrachloride CCI,. 

The very first studies of Raman spectra showed that in most 
cases the differences in the frequencies of displaced and undisplaced 
lines, v, — v, coincide with the frequencies of the normal vibra- 
tions of the molecules of the scattering substance (more precisely, 
with the frequencies that correspond to the vibrational quanta 


Sec. 39] RAMAN SPECTRA 377 


of the molecule, which in the case of diatomic molecules are equal 
to o— 0, (1— 2x), i. e., i 
N, — Vp — 0. (39.1) 


The lines of Raman scattering are frequently arranged symmet- 
rically on both sides of the Rayleigh line, as, for example, 
certain lines of CCl, (Fig. 95). The lines with frequencies less 
than .that ‘of -Vo i,es, the! Wines vi — Voc OX are called Stokes 


lines, while the lines with frequencies yi — v, -- are anti-Stokes 
lines. Thus, the process of the Raman scattering of light may be 
formally represented by the following scheme: 


s: hy, +M (0) — hyp + M (1), 
a: hy,-- M(1)—hvg + M (0), 


where M(0) denotes a molecule of the scattering substance on a 
zero vibrational level (v —0), M(1) is the same molecule póssess- 
ing one vibrational quantum. On this scheme, the Raman 
scattering of light shows a peculiar interaction of light and 
matter, as a result of which in the first case (s) a vibrating 
molecule of energy ho and a scattered light quantum hw, are 
generated at the expense of the energy of the quantum hy,. In 
the second case (a), the interaction oi ihe primary quantum hv, 
with the vibrating molecule yields a molecule in the zero vibra- 
tional state and a scattered light quantum with a correspondingly 
higher energy hvp—hv, -+ ho. 

Further, since the intensity of the scattered light must be 
proportional to the number of molecules of the scattering substance, 
and the number of molecules M (1) and M(0), on the condition 
Sof thermal equilibrium, are related as e /KT:], one should 
expect that the ratio of intensities of anti-Stokes and Stokes 
lines of Raman scattering will vary with the temperature accord- 
ing to the law 


o’ 


This dependence of the intensities of both types of lines upon 
the temperature of the scattering substance is actually observed 
experimentally. Thus, by raising the temperature one observes 
anti-Stokes lines that are absent at lower temperatures. Besides, 
one very often finds that lines which correspond to small vibra- 
tional quanta are observed both as Stokes and anti-Stokes lines, 
whereas lines corresponding to large quanta are observed only as 
Stokes lines. 
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The theory of Raman scattering of light. In classical optics, 
Raman scattering of light is interpreted as follows. Under the 
action of the electric vector of a light wave 


€—G, sin 2nv,t, 


a dipole moment is induced in a molecule; this moment vibrates 
with the frequency of the incident light v,. These forced vibrations of 
the molecular dipole are the cause of ordinary Rayleigh scattering 
of light. However, by virtue of specific dynamic conditions, 
a change can occur in the polarisability of the molecule, this 
change being due to a certain participation also of nuclei in the 
vibrations of the dipole. From the standpoint of the electron- 
nuclear structure of the molecules, these dynamic conditions are 
due to a force coupling of electrons and nuclei, as a result of 
which the forced vibrations of the electrons (with frequency v,) 
cause vibrations of the nuclei. The vibrations of the latter, which 
aré much slower than those of electrons (because of the great 
difference in the electron and nuclear masses), are what lead to 
a change in the polarisability of the molecule. It will readily be 
seen that this latter factor alters the frequency of the light being 
scattered, i.e., gives rise to the lines of Raman scattering. 
Indeed, designating the polarisability of a molecule (given vibra- 
tions. of frequency w) by 


à — a, -l- o? sin 2xot (39.2) 


where œ, is the polarisability of a nonvibrating molecule and a’ 
is the amplitude of change in polarisability during vibrations, we 
have, for the induced dipole moment of the molecule, 


P—2,6, sin 2xv,t-I- o", sin 2not sin 2xv, t. 


Transforming this expression, we get " 


P—a,G,sin 2av,t+ 3 a^G. [cos 2n(v,—w)t — cos 27 (v, -I- o)t]. (39.3) 


As is seen from (39.3), when polarisation of the molecule is 
changed, the scattered light will be emitted not only with the 
frequency of the incident light v, (Rayleigh scattering), but also with 
the combined (Raman) frequencies v, ++% and v, — o. Thus, on the 
classical theory each primary line of frequency v, in the scattered- 
light spectrum will have two satellites with frequencies v, +o. 

Classical theory, however, cannot solve the problem of intensity 
of the lines vj and vp. What is more, as follows from the fore- 
going, both types of lines must have the same intensity, which 
contradicts experiment. Again in conflict with experiment is the 
continuous nature of ihe spectrum (that follows from classical 
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theory) of Raman scattering caused by rotation of the molecular’ 
dipole in the electric field of the light wave; in actuality, this 
spectrum has a discrete linear structure. Only quantum 
mechanics gives a quantitatively correct description of the 
phenomenon of combination (Raman) scattering. 

The quantum-mechanical theory of Raman scattering is based 
on the Kramers-Heisenberg theory of light dispersion. Correspond- 
ing to the forced oscillations of the molecular dipole of classical 
theory, we have, in quantum theory, transitions of electrons to 
certain (virtual) energy levels of the molecule. Light scattering, 
in the quantum-mechanical interpretation, can also be visualised 
as a transition of the molecule to all possible energy levels with 
a subsequent return to one of the lower levels.* If the final level 
coincides with the initial level we have Rayleigh scattering, 
otherwise, Raman scattering. Thus, designating arbitrarily the 
energy of the higher energy levels of the molecule that 
participate in scattering by E,, the energy of the initial level, 
by E,, and the final, by E, the process of light scattering can, 
provisionally, be divided into two stages: 


hy, —E, — E, and E, — E—hv. 
Summing them we have 


w—v-—EXB. (39.4) 
In the case of E—E, we will have Rayleigh scattering, and if 
ESE, we get Raman scattering. 

This scheme is a pictorial representation of the process of light 
scattering and has the advantage that it reveals a number of 
peculiarities characteristic of Raman spectra. For example, in the 
case of symmetric diatomic molecules, such as H,, N,, Cl, that do 
not have rotation-vibration infrared spectra due to the optical 
inactivity of their vibrational frequencies (cf. p. 368), we observe 
intense lines of Raman scattering that correspond to these 
frequencies. On the foregoing two-stage scheme, excitation of 
optically inactive frequencies in light scattering is readily accounted 
for: in this case, excitation of vibrations involves allowed elec- 
tronic transitions that are possible for any molecule. For this 
reason, forbiddenness of purely vibrational (or rotation-vibration) 
transitions is not essential here. 

The possibility of detecting and measuring optically inactive 
frequencies is particularly important for complex molecules. As 


* These transitions cannot be identified with transitions that correspond 
to ordinary light absorption; in the latter case, the absorbed quantum is 
exactly equal to the difference between the respective energy levels. 
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has been pointed out above, these frequencies are either totally 
absent in infrared spectra or are masked by combination frequen- 
cies (cf. p. 369). But in Raman spectra, as follows from intensity 
caleulations, the lines that correspond to these írequencies are 
the most intense, in complete agreement with experiment. To sum- 
marise, then, Raman spectra significantly. supplement infrared 
spectra and simplify the problem of analysing the vibrational 
terms of complex molecules. 

Along with measuring the natural frequencies of molecules, 
very important are investigations of the degree of depolarisation 
of scattered light. By degree of depolarisation o we understand 
the ratio of the intensity of scattered light polarised in a plane 
parallel to the plane of polarisation of the incident light, to the 
intensity of the scattered light that is polarised in the perpen- 
dicular plane. The degree of polarisation of scattered light is 
directly related to the form of the molecule (more precisely, to 
the form of the polarisability ellipsoid of the molecule (see p. 431) 
and to the symmetry of vibrations participating in the scattering 
event. For example, in the case of symmetric molecules of type CH, 
where the polarisability ellipsoid degenerates into a sphere, 
completely symmetric vibrations (in the CH, molecule, the sym- 
metric vibrations of the H atoms relative to the C atom) cannot 
lead to depolarisation of scattered light, i.e., in this case o — 0. 
But as regards asymmetric vibrations of the molecule, the degree 
of depolarisation must differ from zero. It is evident from what 
has been said that investigations into the degree of depolarisation 
of Raman lines is very important in establishing the type of 
appropriate vibrations and, in the final analysis, the molecular 
structure. 

Rotational Raman spectra. Along with Raman lines that cor- 
respond to definite natural frequencies of the molecules of the 
scattering substance, the scattering spectrum (given  sulficient 
dispersion) also exhibits lines that correspond to the rotational 
quanta of the molecules. Thus, due to the Raman effect, studies 
of the structure of rotational terms of molecules are moved from 
the far infrared to the photographic region of the spectrum. 

The structure of rotational Raman lines is determined by ap- 
propriate selection rules for the rotational quantum number; these 
rules can readily be established by means of a two-stage scheme 
of the process. Indeed, considering the transition E,— E, and 
making use of the selection rule AJ=--1, we get two possible 
values for the rotational quantum number of the transitional 
state (J,), namely, J,==J,+1 (J, refers to the initial state of 
the molecule). Upon transition to the final state (E, — E) the 
rotational quantum number oi the latter must be J=J, + 1= 
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=(J,-1)+1=J,, J,4-2. Thus, unlike the infrared spectrum, 
where the selection rule is AJ=-+1 (in the case of X-terms), 
for the rotational Raman spectrum we get AJ=0, 4-2. 

On the basis of equations (39.4) and (36.5), for the rotational 
lines we have 


vs, — BI Q' 4-0) —2 0 4- D. (39.5) 


Having in view the case that corresponds to selection rule AJ = 
=0, +2, we obtain from (39.5) the following formulas for the 


Fig. 96. Rotational Raman spectrum in oxygeu 
(after Rasetti) 


two branches of the rotational band (these are called S- and 
O-branches): 


S: v5 — v, — 2B, (2J +3), 
O. vp=v, + 2B, (25 — 1) 


(and, in addition, the line v=v,, which corresponds to AJ — 0). 
According to these formulas, the separation of adjacent lines in 
the band is equal to Av—4B,, in place of Av=2B, in the 
infrared spectrum. Fig. 96 is a photograph of the rotational Raman 
spectrum of oxygen. 

For molecules with A>>0, and also for symmetric-top molecules, 
we have AJ —0, --1 (for the infrared spectrum). It can easily be 
shown, by means of the same two-stage scheme of the scattering 
process, that in this case the rotational Raman spectrum has, in 
addition to S- and O-branches, the usual R- and P-branches (AJ = 
=+ 1), i.e., for the Raman spectrum in this case we have the 
selection rule AJ=0, +1, +2. The frequencies belonging to the 
P- and R-branches of the lines are expressed by the formulas: 


P: vi =v, — 2B, (J + D), 
R: vi=v,-+ 2B,J. 


The selection rule AJ —0, +1, +2 also occurs in the case 
of an asymmetric top molecule. 
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Let it also be mentioned that the rotation-vibration Raman 
spectrum usually has the form of separate lines that correspond to 
the first bands of the zero series (or their combinations). Inves- 
tigation of the fine structure of these lines shows that in reality 
they are narrow bands that correspond to the Q-branch, which due 
to superposition of the closely spaced rotational lines has an appar- 
ent intensity in considerable excess of that of the other branches 
of the band. That is why the latter ordinarily escape detection. 

In addition to the vibrational and rotational (and also rota- 
tion-vibration) Raman spectra, there may also occur a spectrum in 
which the difference v, — v, represents the energy of electronic ex- 
sitation of the molecule. A spectrum of this kind was found in the 
case of NO, where, besides the lines v,=v,-- we find the 
lines v, = v, + (7IIs2— *IT,;). It will be noted that the direct com- 
bination of terms "Il, and °H, which are components of the 
ground term of the NO molecule ?II, is forbidden by the selection 
rule AX—0. Here, as in the case of the rotational and vibration- 
al terms of symmetric molecules the general rule is valid accord- 
ing to which two terms that combine with a third do not ordina- 
rily intercombine. 

Since the discovery of Raman scattering, a large number of pa- 
pers have been published in this field covering an enormous num- 
ber of organic and nonorganic compounds. Due to simplicity of 
technique, studies of Raman spectra have many advantages over 
infrared spectra. From the Raman spectra we find the natural fre- 
quencies of molecules (vibrational spectra) and their moments of 
inertia (rotational spectra). The possibility of detecting directly 
the frequencies of optically inactive vibrations makes the method 
of Raman scattering particularly valuable. This method is like- 
wise very important for studying the structure of molecules and the 
structural alterations that molecules undergo during changes in the 
aggregate state of matter (association, solvation, dissociation, etc.), 
and also in studies of chemical equilibria, for analysing complex 
mixtures, for identifying compounds, etc. 


40. Electronic Spectra of Molecules 


Vibrational structure of the spectrum. Electronic spectra are 
spectra associated with a simultaneous change both of the vibra- 
tional and rotational, and electronic state of the molecule. On 
p. 370 we derived an expression for the total energy of a molecule 
that included also the energy of the electronic state (Ea). We shall 
here consider the electronic spectra to the same approximation that 
we considered the rotation-vibration spectra of molecules, Assuming 
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additivity of the three types of energy, the frequencies of the sep- 
arate lines of the electronic spectrum are represented by the for- 
mula 


EL + Evin + Erot) — (Ee + Evin + Ero 
Me =! sit un Up. si Le J Vert ib T Veot (40.1) 


where 


Eu — Ea Evin — Evib 
ME e h and w4— 


E rot — Erot 
h . 


Here, v,;, characterises the vibrational (band) structure of the 
spectrum, v, the rotational, or fine structure of the bands. The 
quantity va, which determines the change in electronic energy of 
the molecule, is usually far in excess (tens of times) of V,» and 
exceeds v,, by a factor of thousands. For this reason, the electron- 
ic spectrum of a molecule is displaced with respect to its rota- 
lion-vibration spectrum towards the short wavelengths, ordinarily 
into the visible or ultraviolet regions of the spectrum. 

In the case of the diatomic molecule, we have from (36.6) and 


(37.10) ; 
"ape 6 (v) ex (v3) —e(v4-3)-- 
-Fox (v--3) (40.2) 


vc Bod’ (4-1) — B,J (J +1) (40.3) 


(the primed quantities refer to the upper energy states). Compar- 
ing expressions (40.2) and (40.3) with the analogous expressions 
(38.14) and (38.8), we see that the former contain two different 
frequencies o and o' (in place of one) and two rotational constants 
B, and By. The large number of constants (to the same degree of 
approximation) is due to the fact that here we have two electronic 
states, each of which is characterised by a definite frequency o, 
also an anharmonicity constant wx, and a definite equilibrium 
distance r, between atoms, i. e., a definite value of B,. 

Without taking into consideration v,,,, let us first determine the 
peculiarities of the vibrational structure of the electronic spectrum 
oi a diatomic molecule. For the zero line (see below) of each band 
of this spectrum we have the following expression, on the basis of 
(40.1) and (40.2): 


haerere (ed) (HY ceo 
-pex (vx) (40.4) 


and 
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This formula, in the form 
v= v + av’ — @x,v — ov -]- o,x,v* (40.5) 


was first derived empirically by Deslandres and is known as the 
Deslandres formula. From a comparison of (40.5) and (40.4), we 
get the following relations between the constants that enter into 


them: 
o’ x’ (o) x 
ves (1—F)—$(1-F), | 
@, =o (1 — x), 
=o’ (1— x^), (40.6) 
OX, =X, | 
)X,=0'x', 


Assigning to each frequency (band) the indexes vv’ (vvv), we 
can represent the entire system of bands expressed by the Deslandres 
Table 35 formula in the following table 

ROUES (Table 35). We see that the 

Deslandres system of bands of a bands that form this system 
iugo vie Eme are distributed in definite series 


Y (progressions) that correspond to 
2 Sea 20 3:14 the horizontal rows and vertical 
S columns of Table 35. The former 
are called v progressions and the 

0 Yoo] Vio | Yao} Vo [Yso] -+| latter, v’ progressions. 
1 Yo | Vi] Ya] Va [Var]... The v^ pro; : d 
2 va Mist Rees] c progressions correspon 
3 Yos| Vis} Vas| Vss Yas]... | to v=const and can be ex- 

4 Vou} Yas} Ves] Vn|Va|...| pressed as 

RS e I xii V=Vy HoV — oX V, (40.7) 
derived from (40.5). According 


to (40.7), the v’ progressions are a 
group of bands that converge to a certain limit in the region of 
high frequencies. This series is obtained in transitions from a def- 
inite vibrational level v that corresponds to a lower electronic 
state of the molecule, to all possible vibrational levels v' of an 
upper state (or vice versa). The v’ progressions are characteristic of 
absorption spectra. They are clearly distinguishable in the absorp- 
lion spectra of L, Br, N,, Op NO® CO ROS GSO... HCO; 
C,H,, etc. Illustrative of such a spectrum is the absorption spec- 
trum of CO in the Schumann region (À< 2000 A) given in Fig. 97. 
The v progressions, on the contrary, are expressed by 


V= Vo — V+ 0,xv? (40.8) 
and are associated with transitions from a definite vibrational level 


Sec. 40] ELECTRONIC SPECTRA OF MOLECULES 385 


of an upper electronic state of the molecule to all possible lower 
vibrational levels (or vice versa). These progressions are character- 
istic of emission spectra, in particular lor a fluorescence spectrum. 
For example, when iodine vapour is excited by the green line of 
mercury 5461 A, we observe 3 series of bands in the fluorescence 
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Fig. 97. Absorption spectrum oi CO in the Schumann region (after 
Hopfield and Birge). The figures 0 — 0, etc., denote the vibrational 
quantum numbers of the upper and lower quantum states, respectively 


spectrum that correspond to transitions v'—26 — v= 1, 2, 3, 4, ... 
Similar progressions are also observed in the fluorescence spectra of 
O, S,:: NO; SO Sete 


Fig. 98. Part of spectrum obtained in the passage of a shock wave 
through a mixture of acetylene and argon. It contains bands of CN 
and of C, (Swan bands) (after Gaydon) 


In the case of excitation of emission spectra under the complex 
conditions of an electric discharge, and also in temperature and 
chemical (chemiluminescence) excitations, the various progressions 
ordinarily overlap and the pattern of the spectrum becomes very 
complicated. Very often, when different progressions overlap, sepa- 
rate groups of bands in the spectrum segregate; these correspond to 
the diagonal progressions. of Table 35, for instance, the progres- 
sions v,,, Vai V4, etc., OF Vio, Va etc. Such progressions are char- 
acteristic of spectra of C,, N,, CO, CN, etc. Fig. 98 shows a por- 
tion of a spectrum obtained during the passage of a shock wave 
through a mixture of acetylene and argon. The spectrum contains 
bands of CN and bands of C, (Swan bands). 

The characteristic constant of each system of bands is the band 
ws, (to be more exact, the zero line of this band), which corre- 
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sponds to the combination v'—0+-—v=—0 and is called the zero 
band. As follows from (40.6), the frequency of the zero line of the 
zero band does not coincide with the frequency v, because of the 
zero vibrational energy of the molecule. 

Intensity distribution in the Deslandres system of bands. When 
we considered the rotation-vibration spectra we pointed out that 
the band intensity rapidly falls off with increasing Av. Besides, 
this spectrum is absent in molecules the dipole moment of which 
is zero. In contrast to rotation-vibration spectra, the bands (in 
electronic spectra) that correspond to different values of Av have a 
comparable intensity in a large range of 
Av, irrespective of the presence of a di- 
pole moment. 

The reason for this is that the proba- 
bilities of transitions in electronic spectra 
are determined by variation of the tran- 
sition moment of the molecule, which is 
due to its electron configuration. For this 
reason, in the case of an allowed electron- 
ic transition, any values of Av are, gen- 
erally speaking, possible. 

Intensity distribution in the Deslandres 
band system can be explained on the basis 
of the Franck-Condon principle. Franck 
expressed the view that those bands have 
Fig. 99. Probabilities of greatest intensity that are associated with 
transition after: Franck quantum transitions in which there is no 

Chale) change either in the internuclear dis- 
tances or in the nuclear momenta. This 

assumption is based on the fact that when the molecule ab- 
sorbs or emits light, the electronic transitions occur so rapidly 
that neither the positions nor the velocities of the nuclei have time 
io change perceptibly during the time of a transition, and transi- 
tions occur for the practically constant internuclear distance r. 
Let us examine Fig. 99, which shows the potential-energy curves 
of a diatomic molecule in the ground and excited states. Excita- 
tion of the molecule (transition from ground to excited state) oc- 
curs, according to Franck, with unchanged distance between nuclei 
r (vertical arrows). As a result of this transition, the potential 
energy of the excited molecule is equal to U'. However, since to 
this energy there corresponds the internuclear distance r' =r, which, 
generally speaking, differs from the equilibrium distance r, of the 
excited molecule, the positions of the nuclei at the instant of ex- 
citation will not be in equilibrium and the molecule will begin to 
vibrate. The energy of these vibrations Esp will obviously be 
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equal to the difference U’—U,. The vibrational quantum number 
v' (which determines this energy) together with the number v of 
the lower state (in the case that corresponds to the heavy arrow 
in Fig. 99, v—0) will describe this band, which is associated with 
the given transition. 

However, on the Franck view, it is not clear how, in addition 
to this band, there can appear other bands of the series v — const 
(v—0), though this is actually what occurs. This difficulty is elim- 
inated by a quantum-mechanical interpretation of the Franck 
principle as given by Condon. 

In quantum mechanics, the probability of the combination 
v«++v’ is determined by the value of the quasi-moment that cor- 
responds to the given transition 


qviv== v (r) q v, (r) dr. (40.9) 


The functions pv» and wp, that enter into this expression have the 
form shown in Fig. 87. It is seen that the vibrational wave func- 
tions have a perceptible magnitude in a certain interval of values 
r. Due to this diffuseness they overlap in the interval Ar, and 
this, according to (40.9), leads to the possibility of a transition 
from the given level v' not only to the higher-lying level v but also 
to adjacent levels, as is shown in Fig. 99. Here, the vertical ar- 
rows of various thickness depict possible transitions v —0 —» v' 
(0—+0', 0—-1', O—+2’, 03’). The thickness of the arrow is 
in accord with the relative probability of the given transition, 
i.e, with the intensity of the respective band. 

It will be noted that (as follows from Fig. 87) the quantity 
ap; (r), which is shown in Fig. 99 by the dashed curve and which 
determines the probability of finding nuclei at a given distance r 
when r-r,, is nonzero and is evidence (from the corpuscular 
point of view) of motion of nuclei that does not cease even in the 
zero vibrational state of the molecule. The energy of this motion 
represents zero vibrational energy. 

Fig. 99 relers to the particular case when the zero vibrational 
level (v— 0) is the initial state of the molecule. In this case, 
in the series v— const, we find one maximum of intensity (in the 
case that refers to Fig. 99 band Ol’ is strongest). It will readily 
be seen that in the case of v 2-0 in v progressions there are, as 
a rule, two bands with maximum intensity that correspond to the 
maxima of the function «p» at two turning points of the nuclei 
(Fig. 87). That is why we will have two intensity maxima in 
these series. 
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The same goes for the case when the initial level is the v' level 
(emission); to each value of the number v’ (for v'7»0) there will 
be two values of v that correspond to two of the strongest bands 
of the v progressions. At v/—0, we will have a series with one 
intensity maximum. 

By drawing a line through the bands of maximum intensity on 
the diagram of the band system (Table 35), we obtain a curve 
whose shape is determined by the relative positions of the po- 
tential-energy curves of the upper and lower states of the mole- 
cule. On the basis of figures like Fig. 100, it is easy to see 
that when re differs but slightly from r, the values of v; and v; 
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Fig. 100. Intensity distribution in the Deslandres band system (Condon 
parabolas) 


which correspond to each given value of v, must difler very little 
and the curve of maximum intensities (Condon parabola) degener- 
ates almost into a straight line. This curve is shown in Fig. 100 
a, where the crosses indicate the strongest bands. In this case, the 
spectrum should exhibit a prominent diagonal progression. On the 
contrary, when there is a large diference between Te and re the 
numbers v, and v, differ greatly and we get a curve like that 
shown in Fig. 100 b. Thus, on the basis of the shape of these 
curves we can judge the type of change in the equilibrium dis- 
tance in a given quantum transition, and, hence, also the relative 
positions of the appropriate potential-energy curves of the mole- 
cule. We can add that the curves of maximum intensity are a re- 
liable criterion of the validity of the Deslandres formula, by means 
of which the experimentally found bands are expressed. 

Fine (rotational) structure of spectra. Turning to a consideration 
of the rotational structure of electronic spectra of diatomic mole- 
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cules, let us select 'some band that is characterised by definite 
values of vibrational quantum numbers v and v'. The frequencies 
of the individual rotational lines of this band can be represented 
by the approximate formula 


yi val Be Ia es Bele, (40.10) 


derived from (40.1) — (40.4). Formula (40.10) is very similar to 
(38.17), differing from it only in the constant va. y (that replaces. 
the constant v,i), and also by the fact that the constants B in 
(38.17) refer to the same electronic state of the molecule, and in 
(40.10), to different electronic states. 

Due to the similarity of equations (40.10) and (38.17), we can 
obviously derive from (40.10), in the general case, three parabolas. 
that are expressed by formulas similar to (38.18) and (38.19)*: 


R: vr — va, - (Bv + B) (J 4-1) + (By + By) (I+ IY, 
Q: NQ — va-v t (Bv —B,)J JE (By — By) e 


: (40.11) 
P: vp — va. — (Be 4- B) J+ (Bv — B) J’. 


Such parabolas that refer to the band AIH A4241 A are shown 
in Fig. 101. As is seen from this figure, which is commonly called 
a Fortrat diagram, the lines become closely spaced (to the eit) 
near a certain sharp limit (called the band head) and become wide- 
ly spaced at the other end of the band (to the right). This de- 
cline in total intensity away from the head (resulting from such a 
line distribution in the band) is called shading of the band. The 
band in Fig. 101 is shaded towards long wavelengths; in this case 
one speaks of red shading of the band (in contradistinction to 
violet shading). 

The band head is due to a turning point in one of the parabo- 
las (the R-branch in Fig. 101). The question of which of the 
branches (R or P) has a turning point is solved by the sign of the 
quadratic term in equations (40.11), that is, by the ratio between 
By and B, It is readily seen that the turning point on the 
R-branch is obtained when B,>B,y and on the P-branch when 
B,« By. Further, since according to (36.2) the quantities B are 
inversely proportional to the corresponding moments of inertia, 
i.e., inversely proportional to r*, red shading indicates an in- 
crease in the equilibrium distance with excitation of the molecule 
and, conversely, violet shading of the band (turning point on the 


Gee we also give the equation for the Q-branch that results when 
AJ=0. 
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P-branch) is an indication of a decrease in the equilibrium dis- 
tance, i.e., a strengthening of the molecule, with its excitation. 

It may be added that in many cases there is no head. This oc- 
curs when the difference between B, and B, is slight. UR 

A characteristic band constant is its zero line vw, ,, which is 
absent from the spectra of diatomic molecules. The absence of the 
zero line in the R- and P-branches was proved on p. 377. In the 
Q-branch this line is absent due to the selection rule J'—0 -> J — 0. 
The position of the zero line in a band can frequently be deter- 
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Fig. 101. Fortrat diagram of band AIH44241 A (after Bengtsson-Knave) 


mined from the characteristic gap that disrupts the line sequence 
(see, for example, Fig. 93). The exact value of Ver-y_ is obtained 
from a detailed analysis of the rotational structure of the bands. 

The set of values of v,,_, found in this way permits establishing 
the Deslandres formula for a given system of bands, i.e., deter- 
mining the constant v, and also the vibrational constants œ and 
x for both combining electronic terms. 

Let us dwell in somewhat more detail on an analysis of the 
rotational structure of bands. The object of this analysis is pri- 
marily to determine the rotational terms and, consequently, the 
rotational constants of the molecule B, and By. which permit ex- 
pressing the frequencies of separate lines in the band by means 
‘of equations similar to (40.11). This analysis is simplified by the 
possibility of setting up definite relations between frequencies of 
the rotational lines, thus making it possible to isolate individual 
rotational terms of the molecule. Denoting the rotational term by 
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T(J) and rewriting (40.10) in the form 


vv ened) ar 
vo (I= vav HT ()— T (3), 
vr (J)=Veq_y + T (9-1) — T (), 


it will readily be seen that the following relations obtain for the 
separate lines: 


vo) p E i ey Y 
ve cH wp va. 1) ve (I) = (40.12) 
=T(J)—T (J —1)=2B,J. 


Consequently, the frequency diference of two lines in a band is 
repeated fwice and is a quantity that is a multiple of 2B, or 2B v.. 
For this reason, the starting point in an analysis of the rotational 
structure of a band is ordinarily to determine the differences that 
satisfy relations (40.12). Whence, we directly find the values of 
the constants B, and By, of the molecule and its rotational terms. * 

The foregoing reasoning is schematic because our initial expres- 
sion (40.10) is an approximate one. Even if we consider the mol- 
ecule unstretchable, i.e., if we disregard constant D, we can con- 
sider expression (40.10) as valid only in the case of combination 
'"EA-9'X. However, here, due to the selection rule AJ — +1 the 
Q-branch is absent and we only have branches R and P. 

The simplest case when also the Q-branch appears is the combi- 
nation of terms 'X and ‘II. However, here we must take into ac- 
count the A-doubling of the II-term, and since change in energy 
associated with A-doubling in (40.11) was not taken into account, 
these formulas and also the relations (40.12) derived from them 
cannot, obviously, hope to be accurate. And despite the A-doubling 
of the II-term the number of parabolas in the band remains equal 
to 3. Indeed, above (p.344) we pointed out that the rotational X-terms 
are alternately positive and negative, while the components of 
A-doubling of the II-term (ordinarily designated by the symbols. 
II, and Il) also have different signs. And so, on the basis of the 
selection rules AJ —0, +1 and +-<+— we obtain only three com- 
binations of each rotational 'Z-term, i.e., three simple branches. 


* Thus, from (40.12) for J=1 we have: T' (1) — T' (0) — T' (1) —2Bv', 
and T EE EUR These relations straightway yield the con- 
stants and Bv’ and the terms T (1) and T'(1) For J 2 we get 
T'(2— Y (1) —4Bv/ and T (2) — T (1) — 4B,, hem T (2), T' (2). etc. 
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These combinations can be schematically represented in the follow- 
ing form: 


Ex 0 1 2 3 4 
= £ - + 

m | 
Pe c e. 
ae * - + ei m 


The rotational structure of bands in the combination of other 
lerms is considerably more involved. Without going into details, 
we can state that, for example, in the case of combinations 
"I-II and 'II-'A we have six parabolas or branches (two R-, 
two Q- and, two P-branches), in the case of the combinations 
"EX 4 branches (two R- and two P-branches), and in the case 
of *X e> *II 12 branches, etc. 

Let us also add that the electronic spectra of complex molecules 
are characterised by a larger number of constants and, for this rea- 
son, naturally, have a more complicated vibrational and rotational 
structure than that of the spectra of diatomic molecules. In partic- 
ular, this has to do with asymmetric-top molecules. Only in the 
case of symmetric linear molecules (for instance, COF) does the 
rotational structure of the bands come close to the band structure 
of diatomic molecules. Due to complexity of structure, the analy- 
sis of electronic spectra of complex molecules has as yet been 
carried out only in an extremely limited number of cases. 

The isotope effect in spectra. One of the extremely important 
properties that apply equally to molecular spectra with electronic 
excitation and to infrared spectra and Raman spectra is the isotope 
effect in these spectra, We differentiate between the vibrational 
effect, due to a difference in natural frequencies of the isotopic 
molecules, and the rotational effect, due to the difference in their 
moments of inertia. Let us first consider the vibrational isotope 
efect in the spectra of diatomic molecules. 

Since, according to (37.8) and (37.11), the natural frequencies, 
like the anharmonicity constants, are inversely proportional to the 
square root of the reduced mass of the molecule y —m,m,/(m, 4- 
-Fm, (m, and m, are the masses of the atoms that comprise 
the molecule), by introducing the quantity 


o= y 
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(u and p’ refer to two isotopic molecules), for the magnitude of 
isotope shift of the zero lines (Av,) in ihe spectrum of these mol- 
ecules we get, from the Deslandres formula, 


Av,=(e [o (v’ : z) o(v i 2) 
— (o^ — 1) [ox (v+ 5) —ox (v+z) | 
or, approximately (disregarding anharmonicity), 
Av, =(@—1) o (v+3)—0(v+3)| . (40.14) 


Let us calculate ọ— 1 for two isotopic molecules of oxygen, 


O? and O'*O'*. Designating the masses of the atoms 0'* and 0™ by 
m and m’, respectively, we find in this case o— = =m —1 
or, approximately (due to the smallness of Am — m' — m as com- 
pared with m), 


(40.13). 


dee (40.18) 


Substituting here Am—2 and m= 16, we get o— 1 — 0.03. 

The isotope effect in oxygen was, for example, detected in the 
so-called atmospheric bands (E— 'X). In this case, o'— 1432.6 
and œ — 1580.3 cm-'. Substituting these values of frequencies to- 
gether with o— 1 — 0.03 into (40.14), we get, for the various. 
bands of the series v— 0, the following values of isotope shift Av,: 
-— 2.3 (00), 42.5 (01), 87.2 (02^) cm7*, etc. These quantities can 
easily be measured even when the spectral instrument gives a slight 
dispersion. Thus, the vibrational isotope effect is a clearcut efect 
easily detected in molecular spectra. In Fig. 102 the vibrational 
isotope effect is shown in the case of the Swan bands of C,. 

Superposition, on the vibrational effect, of the rotational, iso- 
tope effect gives rise to an additional shift of the rotational lines. 
This shift is expressed as the product of o*—1 by the difference 
of the rotational terms, which difference is considerably less than 
that of the vibrational terms. For this reason, the rotational iso- 
tope effect is small compared with the vibrational effect; never- 
theless, it, too, leads to a measurable line shift. 

The isotope effect in molecular spectra gives a sensitive and pre- 
cise method of identifying isotopes and measuring their relative 
abundances (by measuring intensities in the spectrum). It may be 
noted that a number of isotopes were discovered in this way, i.e., 
spectroscopically: H*(D), C", NOs OS 

The isotope eflect is also observed in the spectra of complex mol- 
ecules. Theoretically (to a first approximation), one should expect 
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an isotope shift of those lines (or bands) which are associated 
with vibrations and rotation that occur with the participation of 
the isotope. This conclusion is completely confirmed by experiment. 

Nuclear spin and intensity alternation in spectra. In addition 
to the isotope shift, the spectra of isotopic molecules exhibit the 
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fig. 102, Isotope effect in C, spectrum (Swan bands), after King 
and Birge 


following characteristic difference. As we have already seen (p.346), 
the terms of molecules composed of the same atoms are divided 
into two non-intercombining groups that possess diflerent statisti- 
cal weights: ortho- and para-terms. The lines of the ortho-modifi- 
cation with its greater statistical weight are more intense than the 
lines of the para-modification. As a result we get a peculiar alter- 
nation o[ intensities in spectra of the molecules under considera- 
tion, which alternation is absent in molecules that consist of differ- 
ent atoms. This difference is particularly prominent when the 
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nuclear moment is zero: in this case the statistical weight of the 
para-terms becomes zero, i.e., the para-terms are simply absent, 
and in the spectrum of molecules consisting of the same atoms 
every other line drops out (the lines of the para-modification). 
Such, for instance, is the spectrum of the O'O'* molecule. Unlike 
this spectrum, the spectra of molecules OO" and O"O"' exhibit 
all lines permitted by the selection rule for the number J. To 
illustrate, Fig. 103 gives the 01' band of the molecules O'*O'* and 
O'*O'* (absorption spectrum of the terrestrial atmosphere). Besides. 
ihe intensity differences of the lines of these isotopic molecules, 
which differences are due to the different content of isotopes O'* 
and O'* in ordinary oxygen, we see that whereas in band O'O'* 
there are only lines (doublets) * with even values of the rotational 
quantum number, in the band O'*O"* there are lines both with even 
and with odd J. A certain unevenness in distribution of intensity 
in the bands of both isotopes and also the presence of weak in- 
termediate lines not indicated by arrows are due to the superpo- 
sition on the oxygen spectrum of other spectra, mainly the lines. 
of iron and water vapour (the light source in this case is the sun). 


Table 36 


Nuclear spin and the ratio of line intensities of the ortho- and 
para-modifications in the spectra of diatomic molecules 


Molecule | Imtensity. | Nucleari motecure | iero [Naia 
H, 3:1 ‘le or o 0 
D, 2:1 1 pr 3:1 Ye 
He, [3 0 Su o 0 
Li? 1.67:1 3h ci 1.4:1 le 
cu oo 0 Se? co 0 

2 
NP 2:1 1 pa 1.4:1 ‘le 


* The doublet structure of the lines is due to interaction of spin with 
the rotation of the molecule. This structure results if we take it that in 
the given case (transition BP hh) the selection rule AJ —0, +1 oper- 
ates and not AJ—0, +1, +2; since the latter rule results for quadrupole 
radiation, it therefore follows that the atmospheric bands O, are associated 
not with quadrupole radiation, but with magnetic dipole radiation. 
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It may be shown that the ratio of statistical weights of ortho- 
and para-modifications and, hence, the ratio of intensities of the 
corresponding lines in the spectrum of a molecule that has identi- 
cal nuclei should be equal to ; 

I, icl ; 

Les (40.16) 
where i is the quantum number that characterises the nuclear mo- 
ment of the atom. And so from intensity measurements it is pos- 
sible to find the nuclear moment or the appropriate value of i, In 
Table 36 we give the ratios of line intensities of the ortho- and 
para-modifications of different molecules and the values of i found 
from them. 


41. Continuous and Diffuse Spectra 


Continuous spectra. In addition to molecular spectra that have 
a more or less marked discrete linear-band structure, we very 
often (particularly in the case of complex molecules) observe 
continuous spectra. We can suggest two basic reasons for the ab- 
sence of a fine structure in the spectrum. One, purely external, 
amounts to a broadening of the spectral lines ordinarily due to 
high temperature (Doppler effect) or high pressure (impact broad- 
ening). When the pressure is increased, the width of the separate 
rotational lines can exceed the width of the interval between 
adjacent lines in the band, and this will result in the fine struc- 
ture of the band disappearing. With sufficiently high pressures 
the broadening can cover also the intervals between the separate 
bands, in which case we get a completely continuous spectrum. 
However, such a conversion of a discrete spectrum into a continuous 
spectrum can be expected only at very high pressures (and temper- 
atures) that do not occur under ordinary conditions. Yet experi- 
ment shows that continuous spectra are very often observed at low 
pressures and low temperatures. 

These spectra can, obviously, be due only to internal causes. 
From theory it follows that one of the causes is the absence of 
quantisation of vibrations and rotation in the case of at least one 
of the combining electronic terms of the molecule. To take an 
instance, a continuous: spectrum appears when one of the combining 
states is unstable. The absence of discrete vibrational and rotation- 
al levels in this case is what gives rise to the continuous char- 
acter of the spectrum. 

However, even for combination of stable states the spectrum can 
also be continuous under certain conditions. Indeed, the mutual 
arrangement of potential-energy curves that correspond to lwo com- 
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bining states of the molecule may be such that for a given quantum 
transition the potential energy of the molecule will turn out more 


than its energy of. dissociation 
D', i.e., 


Uc po D. 


where U, is the energy correspond- 
ing to the minimum of the po- 
tential-energy curve of the mole- 
cule in an excited state. In this 
case the arrangement of potential 
energy curves is as given in Fig. 104. 
The attained excited state can- 
not be stable, and the process of 
absorption of light will end in 
dissociation of the molecule (pho- 
REUS TO todissociation), with the surplus 

$ : i . Y ' 5 A 
tomie molecule (origin at Um: energy |. U' —U, —D' converting 

nuous absorption spectrum) into the kinetic energy of the 

atoms that fly apart. Due to the 
absence of discrete levels of energy on the segment of the “excited” 
curve (Fig. 104) lying above the asymptote U, 4- D' (dashed line), 
the spectrum in this case will be continuous. 

Experiment shows that in a number of cases the continuous 
spectrum adjoins the convergence limit of the bands, which are v' 
progressions, and thespectrum as 
a whole js of the form schema- 
tically shown in Fig. 105. The 


` LA 
origin of this spectrum is clear 
from the foregoing: both its dis- 
crete (band) part and the continu- 


ous portion of the spectrum are — . ‘ 
due to transitions to one and the — ^£ e uL DpHenspseiumeontetn: 
And potential-energy curve (“ex- ing discrete and continuous portions 
cited”), the only difference being 

that the discrete bands appear in transition to the part of the 
curve lying below the asymptote U,+-D’, while the continuous 
tegion, to the part of the curve lying above this asymptote. Such 
spectra are observed for Cl,, Br,, I,, O,, CIO,, etc. The conver- 
gence limit of the bands (the boundary between the continuous 
and discrete regions of the spectrum) makes it possible, in this 
case, to determine with great accuracy the energy of dissociation 
of molecules (see Sec. 49). 
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Most frequent are the cases when in the absorption spectrum, 
there is either one discrete region (v progressions break off much 
before the limit of their convergence) or one continuous region. 
The first case is observed when the equilibrium distances in the 
ground and excited states of the molecule differ but slightly, as 
a result of which transition of the molecule to a portion of the 
"excited" curve that lies above asymptote U;-|-D' (Fig. 104) has 
a-negligibly small probability. 

When r, considerably exceeds rą so that transitions from all 
levels v (accessible under the conditions of the experiment) of 
the “ground” curve (Fig. 104) lead to the portion of the “excited” 
curve lying above the asymptote U, -- D', the absorption spectrum 
is continuous throughout its extent. As has already been pointed 
out, the spectrum is completely continuous also when the *excited" 
curve corresponds to the unstable state of the molecule (repulsion 
curve). 

Continuous absorption spectra are observed for diatomic mole- 
cules of type HX, MeX (where X is the halogen atom), and also 
in the case of a large number of more complex molecules, such as 
N,O, CLO, COS, XCN, H,O, H,S, H,O,, SO,, the molecules of 
saturated hydrocarbons, alcohols, ethers, acids, etc. We note that 
in the case of complex molecules, the ratios between equilibrium 
distances and the energy of the molecule are, of course, far more 
complicated; but a large part of the foregoing reasoning is ap- 
proximately applicable also to these molecules. 

Our examination of continuous spectra has up to now mainly 
dealt with absorption spectra. Yet quite often we find cases of 
continuous emission spectra. Such, for example, are the spectra 
of temperature luminescence of halogens; they originate as a result 
of recombination of atoms. These spectra are an inversion of con- 
tinuous absorption spectra of molecules X,, just as the process of 
recombination X -+ X' — X,-l-hv is an inversion of the process of 
photodissociation X,-|-hv =X -+ X’ (X' denotes an excited halogen 
atom). 

A continuous emission spectrum is also observed in the bombard- 
ment of H, molecules with electrons. This spectrum, which extends 
from 5000 A to 1600 A, is connected with transition of the mol- 
ecule from a stable triplet state 1s02s0* Z7, excited by electronic 
impact, to the unstable state lso2po 2t, which corresponds to the 
repulsion curve. As a result of this transition the H, molecule 
disintegrates into two normal atoms. Absence of a continuous 
spectrum of H, underexcitation by light (fluorescence) is due to 
the fact that the levels ‘2; (ground state of H,) and f (like 
any triplet level of H,) do not intercombine. However, due to 
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the possibility of electron exchange (the free electron changes 
places with one of the electrons of the molecule), which may be 
represented by the scheme 


HL IL +] 

€. HUS) HUS) e 
the prohibition of intercombinations is removed and the level 
1se2sa' X7 may be excited; following this is the emission of a 
continuous spectrum, 1s02s0* E+ = 1 so2po* 2t-+-hv. The origin 
of continuous emission spectra of helium, xenon, and certain other 
gases is similar to that of the continuous spectrum of H,. 

A number of continuous spectra have a peculiar structure ex- 
hibiting alternating maxima and minima of intensity. Such are 
the spectra of Hg, Cd, Zn, observed both in absorption and 
emission, and also absorption spectra of the vapours of halogen 
salts of alkali metals. The latter have been subject to particularly 
careful study; according to Kuhn, the structure of these spectra is 
accounted for as follows, The lower state is the ground state of 
the MeX molecule to which there corresponds a potential-energy 
curve with a deep minimum, Corresponding to the upper state is 
the repulsion curve, which throughout r' 7r, is nearly a straight 
line paralle! to the axis r (this is due to superposition, on forces 
that determine the normal course of the repulsion curve, of pola- 

* risation van der Waals forces of attraction). Because of this shape 
of the upper curve, the energy of the molecule in the excited state 
should be practically constant (equal to U;). Expressing the energy 
of the molecule for different vibrational levels of the ground state 
in the form U =U, +4 En» (v), we will have, for the frequencies of 
the corresponding transitions, 


vss oy —o(v-4-3)--ox (v+)- (41.1) 


Since the upper state of the molecule is not quantised, to these 
transitions there will correspond broad maxima. This accounts for 
the earlier indicated periodicity of intensity distribution in the 
continuous absorption spectra of MeX molecules. 

As is seen from expression (41.1), the intensity maxima should 
converge to a certain limit lying in the region of long wavelengths 
(cf. the v’ progressions). The distance between the first two (short- 
est wavelength) maxima should be approximately equal to the 
panty €. This conclusion is in rather good agreement with the 

ala on natural frequencies of MeX molecules. 
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As follows from the foregoing, we may expect the appearance 
of such intensity maxima only when one of the potential-energy 
curves is more or less horizontal. However, if the repulsion curve, 
on the contrary, rises steeply, the separate maxima will merge 
into a continuous spectrum with uniform distribution of intensity. 
It is, apparently, to this circumstance that we must attribute the 
fact that the periodic distribution of intensity in continuous 
spectra is relatively infrequent. For instance, intensity maxima 
are absent in the continuous spectra of NaCl, NaBr, and KCI. 

Predissociation. One of the most important peculiarities of mo- 
lecular spectra is associated with the phenomenon of predissocia- 


Fig. 106, Predissociation in the ultraviolet absorption spectrum of 
NO, (alter Harris). Below, comparison spectrum 


tion, This phenomenon is most frequently detected by diffuse bands 
in the absorption spectra of gases due to the anomalous broaden- 
ing of rotational lines. In some cases the line width and, conse- 
quently, the diffuseness of the bands in the absorption spectrum 
build up slowly with diminishing wavelength; in other cases, the 
bands become diffuse suddenly, and between the bands with fine 
structure and the diffuse bands (which ordinarily belong to the 
same series) we find a sharp boundary (the predissociation limit). 
An example is predissociation in the short-wave region of the 
absorption spectrum of NO, (Fig. 106). 

The phenomenon of dissociation, discovered by Henri in 1928 
and theoretically explained in the works of Bonhoeffer, Farkas, 
Kronig, and Herzberg, is a quantum-mechanical effect similar to 
the Auger effect in atomic spectra. The Auger effect occurs when 
discrete energy levels of the atom are overlapped by an energy 
continuum, as shown in Fig. 107. In such cases, transition is pos- 
sible of an excited atom to an unstable state (ionisation). In the 
case of ordinary photoionisation, the absorption of light by the 
atom and its ionisation represent a single elementary event, where- 
as ionisation of the atom in the Auger effect occurs in two stages: 


14—3038 


402 MOLECULAR SPECTRA [Ch. 8 


first, absorption of light leads to excitation of the atom, then 
the excited atom passes from the discrete to an unstable state 
(i.e., becomes ionised). While in the excited state, the atom can 
emit light with a certain probability and can be ionised with a 
probability 1 —«. In determining the probability of each of these 
processes as a mathematical expectation (frequency) of the process 
divided by the sum of the mathematical 
expectations of both processes, i.e., 
Mr and 1 —#==—2—, and in- 
1T Va Vi T. Ve 
troducing the liletimes (which are their 
reciprocals) ior the processes under con- 
sideration and the total lifetime of the 
atom t, which is connected with the 
quantities v, and v, by the relation 
11 T s 
ets (41.2) 


m 


[jm 


we obtain t =at, —(1— 0) v,. Noting 
that v, is the total lifetime of an ordi- 
nary excited state of the atom (in the 
absence of the Auger effect), i.e., is 
of the order of 107° sec, we conclude, 


Fig. 107. Auger effect (auto- E 
ionisation of atom) one on the basis of the relationship t—at,, 


Herzberg) that the smaller œ is, i.e., the greater 
: the probability of spontaneous ionisa- 
tion of the atom 1—a, the smaller is the lifetime of an excited 
atom. This shortening of the lifetime of an excited atom gives 


rise to the experimentally observed broad- 
ening of the corresponding spectral u 
lines, because from the uncertainty re- 
ation) UC DS ER SEN e A+B 
Av Xt=h (41.3) excited 


unstable 


the line width Av must be inversely A+B) 


proportional to the lifetime. 

In the case of molecules, the overlap- 
ping of discrete energy levels by the 
energy continuum is observed with partic- 
ular frequency. For instance, the vib- 
rational levels of excited states of a Fig. 108. Predissociation of 
molecule are frequently overlapped by a diatomie molecule 
the continuum that corresponds to an 
unstable state arising out of the ground states of the atoms. 
An instance of this kind is given in Fig. 108 for a diatomic mol- 
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ecule: the overlapping states here are the stable state of the excit- 
ed molecule and the unstable state. Transition of the molecule 
from a stable state to an unstable state, expressed by the transi- 
tion from the “excited” curve to the “unstable” curve, is precisely 
what predissociation is. 

According to the Franck-Condon principle, which holds also for 
radiationless transitions (these are transitions not accompanied by 
the emission or absorption of light), when a molecule passes from 
one state to another there are no substantial changes in the dis- 
tance between the atoms or in their relative velocities. It follows 
that a predissociation transition from one curve to another is pos- 
sible only near the point of intersection of the curves; this point 
must lie below the initial level of excitation. 

Predissociation transitions also obey definite selection rules that 
partly coincide and partly differ from the selection rules for radia- 
tive transitions. For example, a radiationless transition is possible 
only in the case of a constant total momentum of the molecule 
(AJ=0), when AA=0, +1, when AS—0. The combining terms 
must both be positive or both negative, in contradistinction to 
radiative transitions, in which only positive and negative terms 
can combine. In the case of a molecule consisting of the same 
atoms, both terms must be either symmetric (s) or antisymmetric (a). 

Predissociation, the spontaneous decay of an excited molecule, 
is observed when transition to an unstable state is not associated 
with violation of any selection rule. However, also in the case of 
forbidden transitions predissociation may be possible under the 
action of some external factor that removes the quantum prohibi- 
tion; in this case it is called induced. Up till now, cases have 
been observed of predissociation induced by a magnetic field (1,) 
and by molecular collisions (I,, Br, N,, NO, S,, Se, Te,); the 
latter is of particular interest in understanding the mechanism of 
photochemical reactions. 

A quantum-mechanical treatment of different transitions (including 
predissociation transitions) in a molecule shows that interaction 
of overlapping states leads to splitting and shifting of levels, which 
are manifested in distortion of potential-energy curves. When se- 
lection rules are not fulfilled, the mutual perturbation of the terms 
is slight; however, here too it is frequently observed in molecular 
spectra. Most often it disturbs the rotational structure of the bands; 
more rarely, it leads to disturbances in the vibrational structure 
of the spectra. In both cases we speak of perturbations in spectra. 
rig. 109 shows a perturbation of the rotational structure in band 
CN (11, 11’)43921A, where there is a clearcut violation of the 
regular sequence of rotational lines both in the R- and P-branch, 
In the P-branch, the perturbation appears as a sudden increase in 
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doublet splitting (for K—12) that passes through a maximum 
and diminishes to a small value (when K > 16). 

Disturbances of the vibrational structure of spectra are due to 
distortion of the polential-energy curves that results in two new 
curves in place of the two intersecting curves. This disturbance is 
particularly great when the selection rules are not violated. The 
ICI molecule is an example of such transformation of potential- 
energy curves; t: e potential-energy curves for the ground and excited 
states of this molecule (these curves are constructed on the basis 
‘of an analysis of its spectrum) are shown in Fig. 110. We note 
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Fig. 109. Perturbation of rotational structure in CN band A 3921 A (after 
Jenkins) 


that the “mixed” origin of the vibrational levels of the upper 
curve is evident from their difiuseness, which leads to the difluse 
nature of the absorption bands in the ICI spectrum. 
Transformation of the potential curves, like that shown in 
Fig. 110, gives a vivid picture of the predissociation decomposition 
of the molecule. The molecule, which due to the absorption of 
light gets into one of the vibrational levels lying above the point 
-of intersection of the original curves, will have the opportunity, 
after a time of the order of half a cycle of vibration, to pass to 
the repulsion curve, i.e., to dissociate. The energy of the prod- 
ucts of dissociation is then equal to the height of the initial 
excitation level above the asymptote of the repulsion curve. 
Due to the predissociation decomposition of the molecule, its 
lifetime is shortened and this causes the absorption spectrum to 
be diffuse. Indeed, in ordinary radiative excitation that does not 
lead to dissociation of the molecule, for instance in the transition 
to one of the vibrational levels lying below the point of intersec- 
tion of the stable-state curve and the repulsion curve, the time 
the molecule is in the excited state is ordinarily of the order of 
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1,—10-* sec. During this time the molecule will execute 
10-5*:107 — 10* vibrations (107° sec is the period of vibration) 
and about 1075:10-? —10* rotations. (10-™ sec is the period of 
rotation). In this case the absorption spectrum is an ordinary 
system of bands with fine (rotational) structure. But in-the region 
of predissociation the duration of the excited state of the molecule, 


v 
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Fig. 110. Transformation of potential-energy curves of ICI 
molecule (after Braune and Gibson) 


which is t—at,(1—a is the probability of predissociation), be- 
comes less than the normal 10-* sec and is usually of the order 
of one or several periods of vibration. Since this is 10 to 100 times 
less than the period of rotation, the rotational motion of the mol-. 
ecule (as quantised periodic motion) can, obviously, no longer 
occur, and consequently the fine structure of the bands will be 
absent: the bands become diffuse. = 

. The predissociation diffuseness of the bands in the absorption 
‘spectra of diatomic molecules sets in suddenly, i.e., beginning 
‘with a certain definite wavelength, the bands of a given series 
become diffuse. In this case, one speaks of a sharp predissociation 
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lumit. Sometimes, the absorption spectra of diatomic molecules 
exhibit a gradual increase in the predissociation diffuseness of the 
bands with diminishing wavelength, that is, the predissociation 
limit is not sharp. In part this may be due to the tunnel effect. 
The probability of the latter increases with decreasing distance of 
the initial vibrational level. from the point of intersection of the 
curves, and this may be the reason for increasing predissociation 
with decreasing wavelength. This case of predissociation apparently 
occurs in the spectrum of the S, molecule. 

Unlike diatomic molecules, the spectra of polyatomic molecules 
rather infrequently exhibit a sharp predissociation limit; this is 
connected with the more intricate motion of the atoms in such mol- 
ecules. In place of the potential-energy curves that characterise 
interaction of atoms in the diatomic molecule, in the case of poly- 
atomic molecules we have potential surfaces, the lines of intersec- 
tion of which determine the region of predissociation. However, 
the location of a molecule in the region of predissociation, i.e., 
energetically possible predissociation, is not always a sufficient 
condition for its accomplishment. Moreover, the atoms must be in 
the phase of motion that (upon fulfilment of the first condition) 
could lead to the predissociation decomposition of the molecule. * 
The necessity of a simultaneous fulfilment of both these conditions 
is what leads to a nonsharp predissociation limit. 

However, this does not exclude the possibility of a sharp pre- 
dissociation limit in certain pol yatomic molecules, as in the absorption 
spectrum of NO, (Fig. 106). In the absorption spectra of polyatomic 
molecules, it is apparently observed when there is coincidence with 
the disscciation limit. To take an example, in the case of NO,, 
the energy of decomposition of the molecule into NO and O (calcu- 
lated from the predissociation limit) is equal to 70.8 kcal/mol, 
whereas thermochemical data yield 71.8 kcal/mol. It is thus possible 
to determine the dissociation energy of polyatomic molecules from 
the predissociation limit in their absorption spectra. 

The phenomenon of predissociation is also found in emission 
spectra. Here it is usually manifested in the total absence of bands 
in the region of predissociation, and also in the abrupt breaking-off 
of rotational lines in the bands. In the first case, the predissociation 
limit is characterised by a more or less abrupt breaking-off of the 
spectrum and is readily detected. This type of breaking-off is observed 
in the emission spectra of S,, NO, N,, and others for certain values 


* The insufficiency of the energy condition alone is already obvious from 
the fact that, unlike a diatomic molecule, a polyatomic molecule can be 
stable even when the vibrational energy exceeds its energy of dissociation. 
It may be noted that in this case the concentration of vibrational energies 
on definite bonds can lead to a unimolecular decomposition of the molecule. 


Sec. 42] APPLICATIONS OF MOLECULAR SPECTROSCOPY 407 


of the quantum numbers v and J determined for each series of 
bands (v) and for each band(J). It is interesting to note that in 
some cases (S,) at high pressures the region of predissociation 
exhibits bands that are absent at low pressures. This fact is, 
apparently, to be interpreted in the sense that the mean lifetime 
of a predissociating molecule becomes comparable with the time 
interval between two quenching collisions of an excited molecule 
with other molecules. 

Fig. 111 shows the 0,0' emission band of CaH 43533.6 A. We 
see the abrupt breaking-off of the rotational structure that occurs 
at K—9 in the R-branch and at K — 11 in the P-branch. A curious 


Fig. 111. Abrupt breaking off of emission band of CaH at A 3533.6 A due to 
predissociation (after Mulliken) 


breaking-off of the spectrum is observed in the case of HgH, where 
it occurs also at definite values of the quantum number K (K max) 
for each band, namely: in bands corresponding to v —0, Kinax==31, 
v=1—24, v=2— 17, v —3 —9, v —4 — 6. According to Olden- 
berg, the reason for the sudden breaking-off of the rotational band 
structure is, in this case, the break-up of the molecule under the 
action of the centrifugal force produced by rotation of the molecule 
(predissociation by rotation). 


42. Some Applications of Molecular Spectroscopy 


Molecular spectral analysis. Besides the great importance of 
molecular spectroscopy for the physics and chemistry of atoms and 
molecules, we must also point out its vast practical value. Of the 
applications of molecular spectroscopy we shall here consider ana- 
lytical applications and those in the field of thermodynamics. 
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The aim of molecular spectral analysis is the identification of 
chemical compounds and the measuring of their concentrations. 
The first problem is solved both by absorption spectra and by 
emission spectra; the necessary condition for identifying a given 
substance is a discrete spectrum characteristic of the given substance. 

The principal problem is that of the limit of sensitivity of the 
spectroscopic method of identification. Let us first examine absorption 
spectra. In these investigations the common procedure is to use 
light sourees with a continuous spectrum. In this case, the sensiti- 
vity of the method is determined by the portions of radiant energy 
absorbed in a given spectral interval, i.e., by the quantity 

Aah (42.1) 
0 
where I, is the intensity of the incident light and I is the intensity 
of the light transmitted through the absorbing layer. In the case 
of diatomic molecules, A may be represented by the following 
approximate formula: 


LA 

A= AFM (42.2) 
where A, is the wavelength of the absorbed light, A is the proba- 
bility of transition (emission), F is the resolving power of the 
spectral instrument, / is the length of the absorbing layer, and n is 
the gas concentration (number of molecules per cubic centimetre). 
This equality may be used to determine the order of the minimum 
concentration n from the absorption spectrum. 

Considering the limiting measurable absorption equal to 5°),, 
ie. A= 0.05 and substituting into equality (42.2) A, = 4000 A 
(the boundary between the visible and ultraviolet regions of the 
spectrum), A—10* sec-! (the usual order of magnitude of the 
mathematical expectation of emission) F==10* (the theoretical 
resolving power of an average spectral device) and /— 1 cm, we 
find n—10*, or p—10-* mm Hg (at 300°K). Thus, the limiting 
measurable gas density (from the electronic spectrum of absorption) 
for a Icm length of absorbing layer corresponds to a partial pressure 
of the order of 107* mm Hg. > 

It may be shown that the limiting sensitivity of detecting a 
given gas on the basis of its absorption spectrum in the visible 
or ultraviolet regions when using instruments of high resolving 
power (diffraction gratings) is approximately one order of magni- 
tude above the computed value. 

The figures obtained must, however, be regarded as the upper 

. limit of sensitivity of the described method for the identification 
of chemical compounds. In reality, however, due to imperfections 
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in the optical system of the spectral instruments in use (primarily 
because of the more or less wide slit) which reduce their resolving 
power; also, due to a reduced probability of A, which frequently 
is greatly different from the maximum probability that we take 
10° sec~' (particularly in the infrared); and, finally, due to the 
fact that at high temperatures and also in the case of polyatomic 
molecules with their large number of rotational and vibrational 
degrees of freedom, the number of molecules capable of absorbing 
light of wavelength X, make up only a small part n, the limit of 
sensitivity rarely exceeds a magnitude corresponding to partial 
pressures of the order of 10-'—10-* mm Hg. 

As has already been pointed out, due to the smallness of A, 
in the infrared the sensitivity is usually much lower than that in 
the visible and ultraviolet regions. For this reason, inirared absorp- 
tion spectra are commonly used for identifying chemical compounds 
only in the case of condensed substances (liquid and solid). 

KA decisive factor that puts a limit on the sensitivity of the second 
spectroscopic method of identification (based on emission spectra) 
is the sensitivity of the method of recording radiation. Given proper 
time for adjustment, the human eye is capable of registering ra- 
diation intensity of several tens of quanta per second, The sen- 
sitivity limit of electrical methods of registration of radiation 
based on the use of photoelectric devices is apparently 10° to 10° 
quanta per second (depending on the spectral region). This limit 
may be reduced by several orders of magnitude by means of pho- 
iomultiplying. Finally, the most sensitive types of photographic 
plates record a radiation density corresponding to 10'*-10"' quanta 
per square centimetre. Taking into account the possibility of utilis- 
ing the time factor in the photographic method (in contrast to the 
electric and visual methods) and assuming an exposure of several 
hours, we get, from the foregoing figures, recorded intensities of 
the order of 10°-10’ quanta per second per square centimetre: 

The number of emitted quanta recorded by a given method does 
not allow us to judge of the actual concentration of a substance, 
because it is determined by the concentration of the excited mol- 
ecules, which may differ greatly from that of the nonexcited par- 
ticles. In the general case, we have the following relationship 
between the concentration of excited n’ and nonexcited n molecules 
of a given substance: 

eine (42.3) 


We may call the quantity f the excitation factor. This quantity is 
a complex function of the conditions of excitation and, in each 
separate case of radiative (fluorescence), electrical (gas discharge), 
or chemical (chemiluminescence) excitation it may be determined 
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only by experiment. An exception here is the case of thermal ra- 

diation where the ratio between the concentration of excited and 

nonexcited particles is given by the Boltzmann distribution. In the 

simplest case of atomic radiation the factor of thermal excitation is 
a wees 

i=fe kT (42.4) 


where g' and g are the statistical weights of the excited and nonex- 
cited states of the atom and E is its excitation energy. 

By way of illustration, let us consider the radiation of sodium 
under the conditions of an ordinary flame (T= 2000°K). In this 
case, from the excitation energy of the D-lines, which amounts 
to 48.1 kcal/gm-atom, and from the statistical weights of the states 
*Py, and *Si, we find f==-10-*°. We determine the order of magni- 
tude of the limiting, photographically recordable concentration of 
sodium atoms in the flame. The intensity of sodium radiation of 
I em* of the flame zone as measured by the number of quanta 
emitted in one second is obviously equal to 


IS An (42.5) 
where A is the probability of radiation of an excited atom of Na, 
The density of radiation i may be set equal to i= pe where 


R is the distance of the photographic plate from the centre of the 
flame. Thus, to determine the concentration of sodium atoms in 
the flame we have the equality 


n—4naR'i. (42.6) 


Substituting R—50 em, I—107*, i—10" (see above), and 1/A=1.4% 
X107" sec, we find for the limiting concentration of sodium atoms 
in the flame a magnitude of the order of 10° (or a partial pressure 
of the order of 107° mm Hg). This is substantially less than the 
minimum quantities of a substance that are usually necessary for 
their detection by the photographic method. Indeed, from the limit- 
ing concentration of sodium atoms, for the quantity of sodium in 
grams we get a value of the order of 10-' gm, whereas usually the 
absolute sensitivity of the method for metals (and also for molecu- 
lar gases) rarely exceeds that of a concentration of the order of 
10-'* gm/em’. 

It must be said that the factor of excitation in radiative, electri- 
cal, and chemical excitations is, as a rule, considerably above the 
thermal factor. For this reason, the limit of sensitivity of the 
spectroscopic method of identification based on emission spectra 
is higher than that of the absorption method. 
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Solution of the second problem of molecular spectral analysis — 
that of measuring the concentrations of chemical compounds — 
involves almost exclusively the absorption method; with very few 
exceptions, determinations may be made of the concentrations of 
chemically stable substances. Here, it is possible to establish an 
empirical relationship between the coefficient of absorption for a 
given substance and its concentration by means of pre-graduated 
measurements of absorption spectra. Ordinarily, the accuracy of 
these measurements does not exceed several per cent of the quan- 
tity being measured. With regard to certain gases, the spectroscopic 
method of emission may be used to determine concentrations up 
to 107* per cent. 

We shall not dwell on other optical methods of measuring con- 
centrations (refractometry, polarimetry, etc.). Of other extremely 
important methods of molecular spectral analysis, special mention 
should be made of Raman scattering and radiospectroscopy as ex- 
ceedingly eflective and simple methods of analysis. If small amounts 
of gas are to be analysed, the radiospectroscopic method is far 
more sensitive-than the ordinary spectroscopic method. 

Let us touch briefly on one of the basic results of spectral anal- 
ysis that led to the establishment of definite characteristic fre- 
quencies possessed by individual radicals or groups of atoms that 
comprise a given molecule (chromophoric groups or chromophores ) 
and also by individual bonds inside the molecule. Definite fre- 
quencies that change but slightly from molecule to molecule were 
established for the radicals OH, NH,, NO,, CO, C,H,, etc. (see p. 526). 
Therefore, the presence of these radicals in a molecule may easily 
be established on the basis of specific bands in the infrared or of 
appropriate lines of Raman scattering. In exactly the same way, 
the presence of different intramolecular bonds, such as the bonds 
C-CaG—C, C=C, C—O) C Heten us established on the 
basis of frequencies characteristic of these bonds (see Sec. 50). 

Due to the development of molecular spectroscopy that has led 
to the establishment of these characteristic frequencies, it has be- 
come possible to analyse complex mixtures of hydrocarbons and 
other substances of great practical importance. 

As a tule, chromophores also exhibit specific, characteristic 
spectra associated with electronic excitation. This property of 
chromophores and, hence, of the molecules that contain them is 
very important for the synthesis of dyes, for biological spectral 
analysis, etc. 

Thermodynamic applications of molecular spectroscopy. Molecular 
spectroscopy finds one of its most important practical applications 
in thermodynamics. An analysis of molecular spectra leads to the 
establishment of molecular constants (natural frequencies of mole- 
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cules, their moments of inertia, the heats of dissociation, electronic 
and nuclear moments, etc.) that define the various thermodynamic 
functions of a given gas. Among the most important thermodynamic 
functions are the heat capacity, entropy, and free energy. Using 
the latter one, we can compute the constants of equilibrium that 
determine the partial pressures of gases in thermodynamic equilib- 
rium. 

In calculating thermodynamic functions, the starting point is 
the following expression for the energy of a single gram-molecule 


of gas: 
E—E,--XN;e; (42.7) 


where E, is the energy of the gas at absolute zero and N, is the 
number of molecules possessing energy e,. Representing N; in the 
form 


eat 
Notes 
where g; is the statistical weight of the ‘th state of the molecule, 
Z is the partition function, 
IDEO 
Z—Xge Kl, (42.8) 
and Na is Avogadro’s number, it may readily be shown that the 
sum YN;e, can be represented as 
dinz 
SNo RET 
whence it follows that 
E—E,--RT E, (42.9) 
The partition function Z may be represented in the form of a 
product of the sum of states Z,, corresponding to the translational , 


motion of the molecule, and Z;,, the partition function that is 
associated with its internal energy, 


tr^in 
Quantum statistics for Z,, yields the following expression: 
Zu = py (2amk TY (42.10) 


where V is the volume of the gas and h is Planck's constant. 
From expression (42.10) we find 
dinZt, b.c E 
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whence it follows that 
E=E,+3RT+RT ee (42.11) 


From the latter formula we obtain the following expression for the 
molar heat capacity of the gas (for a constant volume): 
dE 3 d dinZi 

C,— i. R4 Ra (T gra). (42.12) 

Formula (42.7), or formula (42.9) which is its equivalent, is also 

the starting point for calculating the entropy and free energy of 

the gas. In the case of a reversible process proceeding at constant 
volume, the entropy is determined as 
dE 


Noting that ood and substituting C, (42.12) into this 


expression, we obtain for the molar entropy of the gas S (accu- 
rate to the constant of integration): 


dinZ F 
S=R(InZ-+T Gr). (42.13). 


Finally, for the free energy of one gram-molecule of gas PES 
— E — TS, from (42.9) and (42.13) we get (also accurate to the 
constant term) 

FE RTZ (42.14) 

In the general case, the partition function Z,, can approximate- 
ly (without taking into account the interaction between vibra- 
tions and rotation of the molecule, and also the dependence of the 
vibrational and rotational energy upon the electronic energy) be 
represented as the product 


Zin = Zot ZonZeZane 


in 
where Z, is the rotational, Zi; the vibrational, Z,, the electron- 
ic, and Z,,, the nuclear partition function. 
In the simplest case of a diatomic molecule with different nu- 
clei and in the state "Y (HCl, N,, CO, NaCl) the quantity Zot 


is expressed by the formula 
hBJ (J+) 


J=% 
Za= 2 (Ose) eek a (42.18) 
EX 
When hB<kT, which practically always occurs already at room 
temperature, Z, can be approximately represented in the form 


Zum (42.16) 
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"whence for the heat capacity C, (42.12) we get the ordinary ex- 
pression C.=2R (without the vibrational part of the heat ca- 
pacity). ^ 7 

The vibrational partition function of a diatomic gas is ex- 


pressed as 
v=v, ^ Evin (V) v=o ay Evin (V) 


Zir = e "XT = Ye kT (42.17) 


where E ip is the vibrational energy of the molecule and v is the 
vibrational quantum number. Considering the vibrations harmonic, 


: RE 1 3 
to a first approximation, we have Eg, —ho(v 4-7 , Where o is 


the natural frequency of the molecule. Substituting this expression 
into the formula for Zi, we can rewrite it in the form 


DUE UELUT CIN 
fae t Me ws (42.18) 
e 1— e KT 


From this expression, for the vibrational part of the heat ca- 
pacity of a diatomic gas we get 


1—e kf 


and, consequently, for the total heat capacity we have 


cid : 23 $ (42.19) 


hw 


5 ho = 
C,— $ RFR [0] e 


\kT (8) (42.20) 
=e 


It is readily seen that when ho <kT, i.e., at a sufficiently high 
temperature, the vibrational part of the heat capacity tends to 
the value R and the total heat capacity to 7/2 R (equidistribu- 
tion of energy over the degrees of freedom). 
The electronic partition function has the form 
E 


sl 
Za=Ď ge kr, * (42.21) 


Here, E; is the energy of the ith electronic state of the molecule 
with respect to its lowest state, i.e., the difference between the 
energies of the ith and ground states, and g, is the statistical weight 
of the appropriate electronic state. The quantities E, are ordina- 
rily considerably greater than kT. 
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For this reason, the preceding expression for Ze is of the form + 
Za E, (42.22) 


where g, is the statistical weight of the ground state of the mol- 
ecule, For the terms 'Y,, *>), S. ...g has the values 1, 2, 3, ... 
Finally, the nuclear partition function is 


Z= Qi, +1) Qi, - 1) (42.23) 


where i, and i, are quantum numbers that characterise the nur 
clear spins of the atoms that comprise the molecule. 

In the case of molecules consisting of the same atoms, the ro- 
tational terms are divided into two nonintercombining groups (see 
p.346 et seq.), having different statistical weights. The terms with 
greater statistical weight are called ortho-terms, with less, para- 
terms. When the nuclear spin is zero the para-terms are absent; 
this is seen, for instance, in the fact that half the spectral lines 
(every other line) drop out in each parabola of the band. The ro- 
tational partition function in this case contains members either with 
even or odd J. 

In the case of nuclear spin, however, we have 

. hBJ JD 


ZrorZaue = Borno 24 (25 | 1) e is im 
ortho 
hBJ (J4- 1) 


eni CAT ih aa (42.24) 
para 


For example, in the case of hydrogen, due to the fact that i—3 
the ortho-terms have a statistical weight Zorno = 9, the para-terms, 
Boara = L; the odd J corresponding to the former, the even, to the 
latter. Consequently, the partition function (42.24) in this case 
will be written as 


 bBJ O41) 
EO TE Ear 
bes: sabe hBJ (J-+1) 


rd CIEE ler eme cs (42.25) 


0,2) 4s e. 


On the condition that hB <kT, i.e., for sufficiently high tem- 
peratures (T > 100* K), each of the sums of this expression can 


approximately be put equal to x5 , whence, on the basis of (42.12), 


we find C, —5/2R for the heat capacity of both modifications of 
hydrogen, However, at low temperatures, due to the diferent de- 
pendence of each of the two sums upon the temperature, the heat 
capacities themselves of both modifications of hydrogen will difer, 
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as well as their temperature variation. Since ordinary hydrogen 
is a mixture of three parts of the ortho- andone part of the para- 
modification, its total heat capacity, the rotational component of 
which is defined by the formula 


(Gee 3C, rot, ortho: +C rot, para 
tot = 4 , 


exhibits a peculiar temperature variation that radically differs 
irom the ordinary trend which corresponds to (42.12). This *ano- 
maly" in the heat capacity of hydrogen was the first experimen- 
tal fact that led to the discovery of its ortho- and para-modifica- 
tions. 


molecules. In this case, approximate formulas are ordinarily used 
to compute the thermodynamic quantities. They also have to be 


vibrations, the interaction of vibrations and rotation, spin and ro- 
tation, ete. At times, in place of closed expressions and series, 


we use the values of rotational and vibrational terms taken directly 
from spectral measurements. 


CHAPTER 9 


ELECTRICAL AND MAGNETIC PROPERTIES 
OF ATOMS AND MOLECULES 


The electrical structure of atoms and molecules consisting of nu- 
clei and electrons is vividly manifested in their electrical and mag- 
netic properties. These properties consist in the possibility of ioni- 
sation of atoms and molecules, that is to say, in the appearance 
of electrically charged free atomic and molecular ions, or in the 
polarisation of atoms and molecules in an external electric field, 
in an electric molecular field, or in the electric field of a light 
wave, The electrical structure of atoms and molecules is also mani- 
fested in the presence of electric and magnetic moments and in the 
peculiarities of their interaction associated thereto. 


43. Ionisation of Atoms and Molecules 


Thermal ionisation of gases. We begin a consideration of the 
electrical properties of atoms and molecules with their ionisation. 
In the normal state, atoms (or molecules) are electrically neutral 
with the number of electrons equal to the charge of the nucleus 
expressed in units of elementary charge (Z). However, due to ex- 
ternal effects, atoms and molecules are capable of losing some of 
their electrons and of converting into positively charged ions. This 
process always involves an expenditure of energy, which is usually 
measured by the ionisation potential. Depending upon the nature 
of the ionising factor, one speaks of thermal ionisation, which is 
due to the thermal energy of the atoms and molecules, and photo- 
ionisation, caused by the action of light. In an electric discharge, 
ionisation occurs due to the impacts of fast electrons and ions. 
Finally, solutions exhibit ionisation caused by interaction of the 
dissolved molecule with the molecules of the solvent, as a result of 
which the molecule dissociates into oppositely charged parts —ca- 
tion and anion (electrolytic dissociation). Having in view the toni- 
sation processes in gases, we shall consider only the first three 
cases of ionisation. 
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In contrast to the positive ionisation of atoms and molecules, 
their negative ionisation, associated with saturation of electron 
affinity, does not ordinarily require the expenditure of energy. The 
existence, in a number of atoms, of a positive electron affinity is 
an indication that in a neutral atom the electric field of the nu- 
cleus is not completely saturated, and so the negative ion has energy 
less than that of the separately taken atom and electron. Such, for 
example, is the case of the fluorine atom, where total saturation of 
the nuclear charge sets in when one electron is added to form (to- 
gether with the seven outer electrons of the neutral F atom) a 
closed eight-electron L-group ef the F~ ion. 

Besides atomic ions, we also encounter molecular negative ions 
whose stability is due to the same causes as that of the former. 
Such for instance is the hydroxyl ion HO-. From the viewpoint of 
general electronic structure, the radical HO (with seven outer elec- 
trons) should be similar to the F atom (see p. 334); this accounts for the 
similarity of various properties (including electrical) of HO and F. 

We now turn to the thermal ionisation of atoms and molecules. 
In terrestrial conditions, thermal ionisation is most often encoun- 
tered in flames. It may be taken that under conditions of thermal 
equilibrium, ionisation is caused by the collision of atoms and 
molecules, as a result of which their thermal energy passes into the 
work of ionisation. However, since the mean energy per degree of 
freedom at the temperature of the flame (2000-3000° K) is only about 
0.1 eV, it is evident that there will be a perceptible percentage of 
ionised atoms or molecules only when the ionisation potential is 
sufficiently small. This condition is satisfied by the atoms of al- 
kaline elements and accounts for the appreciable conductivity of 
flames containing these metals. 

According to Saha, the degree of ionisation of a gas in a flame 
can be computed from the temperature equilibrium.* Considering 


the equilibrium 
= A+ -pe 


and regarding the electrons as a one-atom ideal gas, we obtain 
from thermodynamics the following expression for the constant of 
ionisation equilibrium (without account taken of the possible elec- 
tronic levels of the atom A and the ion A+): 
2 3j2 — eL 

k=)" (kTyse *T (43.1) 
where x is the degree of ionisation equal to the ratio of the par- 
tial pressure of ions to the sum of the pressures of the ions and the 


i * In the zone of maximum temperature of the flame occupying the greatest 
volume. 
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neutral atoms, p is the total pressure, m the electron mass, and I 
the ionisation’ potential. 

The theory of ionisation equilibrium permits computing the elec- 
tric conductivity of flames as determined by the electron concen- 


4.15 | 3.87 


tration in the flame, which is approximately equal to the ion con- 
centration.* On the other hand, measurements of the electric con- 
ductivity allow us, on the basis of the theory of ionisation equilibrium, 
to compute the ionisation potential of atoms, the ionisation of 
which gives rise to electric conductivity in flames. In Table 37 we 
give the values of ionisation potentials of atoms of the alkaline 
elements obtained by Noyes and Wilson from the electric conduc- 
tivity of flames, together with 
the exact values taken from Table 37 
Be iroscopio uae toni Ionisation potentials (I) computed from 
The close coincidence of ioni- the electric conductivity of flames, and 
sation potentials computed from the spectroscopic values of ionisation 
the electric conductivity of flames potential (Isp) 
and the spectroscopic values 
of ionisation potentials corrobo- | Element | Li | K Rb þ Cs 
rates the theory of ionisation 
equilibrium. This theory has L V | 5.46 | 4.35 | 428 | 4 
also proved extremely fruitful in 
application to ionisation in stel- 
lar processes* Isp V | 5.35 | 4.32 
lonisation by electron and ion 
impact. A large number of inves- 
tigations in the field of ionisation of gases is devoted to the study 
of processes of ionisation of atoms and molecules under electron 
and ion impacts. These investigations are aimed at measuring the 
ionisation potentials and determining the probability (cross-section) 
of ionisation for various energies of the bombarding particles. In 
most cases, the procedure consists in measuring the ionic current 
produced in the rarefied space filled with the gas under study when 
a beam of electrons or ions of specific velocity is passed through:it. 
Electrons are the only suitable bombarding particles for meas- 
uring ionisation potentials. Indeed, applying the laws of conserva- 
tion of energy and momentum to the collision of a bombarding 
particle and of the atom or molecule undergoing ionisation (we 
consider the atom and molecule as stationary), it can readily be 
shown that the minimum energy of a fast particle K, must be con- 
nected with the ionisation potential I by relation (19.1) (p. 122), 
from which it follows that only in the case of an electron (m < M) 
* In view of the low mobility of ions due to their large masses, the elec- 
tric conductivity of flames is determined almost exclusively by free electrons. 
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does K, practically coincide with the ionisation potential. In the case 
of ions, the minimum energy is always greater than I. Besides, as 
was noled by J. Franck, in ionisation by ion impact one has to 
take into account the Coulomb repulsion of the bombarding and newly 
produced ions—this repulsion is not included in equation (19.1). 

The accuracy of measurement of ionisation potentials in the best 
studies reaches several hundredths and even thousandths of a volt. 
By means of the electron-impact method it has been possible to 
measure the ionisation potentials of a large number of atoms and 
molecules. 

Along with simple ionisation, in the case of molecules we very 
often encounter ionisation accompanied by dissociation of the mol- 
ecule, as a result of which some of the products of dissociation 
are ionised. The mass-spectroscopic method is used to study this 
dissociative ionisation. Measurement of the minimum potential 
difference of the electric field that accelerates the bombarding elec- 
trons (at which potential difference ions of a given type appear) 
yields the ionisation potential corresponding to a given type of 
ionisation of the molecule. We note that the mass-spectroscopic 
method is also one of a series of effective methods for measuring 
the bond-dissociation energy in molecules (see Sec. 49). 

The probability of ionisation is ordinarily expressed as the cross- 
section for ionisation c, which enters into the formula 


` 
9 — enu, (43.2) 
which is the number of ionisation events performed by one electron 
in 1 sec in 1 cubic centimetre of gas containing n atoms or mole- 
cules with the electron velocity u.. The quantity o has the di- 
mensions of [cm*] and can be~expressed by the formula o—zu*, 
where r is the eflective radius of an ionised atom or molecule. To 
characterise the probability of ionisation, use is also frequently 
made of the product on,,where n, is the number of gas molecules 
in 1 cm* at normal temperature and at a pressure of 1 mm Hg 
equal to 3.54 X 10'*cm~*; on, has the dimensions of [cm~’]. 

The cross-section for ionisation by electron impact rises rapidly 
from zero at electron energy K,,—el, reaches a maximum at a 
certain energy that is usually between 50 and 150 eV, after which 
it slowly diminishes. The maximum ionisation cross-section for var- 
ious gases is ordinarily of the order of 107'-107'* cm*, which 
is of the order of the gas-kinetic cross-section:* 

The foregoing figures refer to single ionisation, i.e., to processes 
of the type e-+-He=He*-} 2e or e4-0,— O7 + 2e. But when 

* The gas-kinetic cross-section is determined from the transport equations 
(see p. 475). 
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we have double or triple ionisation, the maximum is displaced to- 
wards higher electron energies, and the maximum cross-section falls. 
For example, the maxima of ionisation of the mercury atom that 
correspond to processes e--Hg-—Hg*-l-2e (single ionisation), 
e-+ Hg—Hg** + 3e (double ionisation) and e-+- Hg = Hg* * * -|- 4e 
(triple ionisation) lie at 50, 155 and 210 eV, respectively, while 
the maximum cross-sections are 5.85 107°", 0.90 >X< 107", and 
0.20 X 107** cm*. 

Likewise, the ionisation cross-section of atoms and molecules by 
fast-ion impact rises from zero at a certain ion energy, reaches a 
maximum, and then declines. However, whereas the maximum of 
ionisation by electron impact, as has been stated above, occurs: 
at an electron energy of the 
order of 100 eV, the ion-im- 
pact ionisation maximum ordi- 
narily corresponds to appreci- 
ably greater energy. For in- 
stance, the maximum cross-sec- 
tion for ionisation of argon by 
electron impact lies at 50 eV, 
the maximum ionisation of ar- 
gon by impact of the K* ion 
is at 4000 eV. And the max- 
imum cross-sections themselves 
(multiplied by n,) are close: 
10.3 cm^' (e) and 8.5 cm^' 
(K*). 
In the preceding example, 
the values of energy corre- Fig, 112, Cross-section for ionisation of 
sponding to maximum c dif- air by electrons (e), protons (p), and 
fer by two orders of mag- «particles (æ) (after Engel and Stenbeck) 
nitude. The corresponding ve- 
locities of electron and K* ion, which are 4.25x« 10* cm/sec 
and 1.4 10" cm/sec, difer by only one order of magnitude. The 
close values of ionisation maxima, when passing from the energy 
of the bombarding particle to its velocity, are still more striking 
in the case of ionisation of air by the impact of an electron, pro- 
ton, and alpha-particle. Here, the energy values are 110 eV (e), 
1.3X 10* eV (p) and 1.8X 10° eV (a), i.e., they differ, respec- 
tively, by three and four orders of magnitude, while the velocities 
are 7.5 X 10* cm/sec (e), 5.0 X 10° cm/sec (p), and 8.0510* cm/sec (a), 
in other words, they are of one order of magnitude (Fig. 112). 
Thus, we may conclude that the position of maximum probability 
of ionisation by the impact of a last particle is determined more 
by its velocity than by its energy. 


Munter ty ion pairs per cm at Tmm ft 
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Up till now we have considered the formation of positive ions 
upon the collision of an electron (or ion) with an atom or mole- 
cule. By mass-spectroscopic techniques it is also possible to ob- 
serve negative ions, for instance, the ions H^, CI^, Br, 17, HO', 
CCl;, SF,, etc. The formation of a negative ion from an approp- 
riate atom and electron is like the neutralisation of an atomic pos- 
itive ion upon its recombination with an electron. The latter 
process has actually been observed by Mohler and others in the 
case of alkali metals. For instance, at high current densities, Moh- 
ler observed, in the emission spectrum of a discharge in the va- 
pours of alkali metals, the usual linear spectrum and also a con- 
tinuous spectrum like the continuous absorption spectra of tlie 
vapours of these metals associated with their photoionisation (see 
below). The nature of these spectra and the conditions under which 
they originate do not leave any doubt that they are caused by the 
processes Me* -|-e— Me-|-hv (continuous emission spectrum) and 
Me--hv— Met +e (continuous absorption spectrum). For this 
reason, we can also presume a process similar to the first of them, 
namely, the process X-|-e— X^ -- hv (continuous emission spec- 
trum) that leads to the formation of negative ions. However, at- 
tempts to obtain experimentally a spectrum corresponding to this 
process have been unsuccessful *; this, apparently, may be attribut- 
ed to its low probability, which, according to the calculations of 
Massey, is of the order of 1077.** It may be noted that the proc- 
ess X~-+hv==X--e, which is the reverse of the process of ra- 
diative electron capture (the process of photoneutralisation of a 
negative ion), has been observed repeatedly (see below). 

The slight probability of the process of radiative electron cap- 
ture explains the fact that negative ions ordinarily arise nonradia- 
tively, in other words, not as a result of the direct recombination 
of an atom or molecule with an electron accompanied by the emis- 
sion of light. The following is a well-studied radiationless process of the 
formation of negative ions: 


X,te=X+X- 
(X is a halogen atom) or 
HX+e=H-+X-, 
Similar processes have also been observed in the case of O,, NO, 
CO, H,O, H,S, H,Se, NH,, SF, etc. Some of them (for instance, 
I,) are accomplished with the participation of thermal electrons, in 
* Here, the dope exception is the process H -|-e— H7 -- hv, observed 
by Fuchs in a spark in hydrogen at high temperature and pressure. 
** The probability of this process is determined by the ratio oi the cross- 


section (corresponding to it) to the gas-kinetic cross-section of the atom (or 
molecule). 3 
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other cases considerable electron energy is required. In all cases, 
the process of molecular splitting with the formation of a negative 
ion is accomplished in a narrow interval of electron energies and 
has a pronounced probability maximum. A typical curve of the 
cross-section of the process versus the electron energy is given in 
Fig. 113, where the left-hand curve gives the yield of O^ ions 
that form in the process e-]- O, — O-|-O-. Negative O~ ions, the 
yield of which is shown by the right-hand curve, are formed by 
the process e-- O, —O* +0- +e. 

The maximum probability of splitting of the molecule O, into 
O and O- is 1.25 107°. The maximum splitting probabilities of 
halogen molecules are: Cl, — 5 X 107* (at 1.5 eV), Br, —6.37«10-* 
(at 1.8 eV), and I,~1 (at 0.34 eV). To summarise then: with 
ihe exception of the latter case, the maximum probabilities of 
splitting a molecule by an electron with the formation of a 
negative ion come out to the order of 107 *-10^*. 

The characteristic relation of probability of dissociation of 
a molecule versus electron energy in the process e-+ AB— A -|- B7 
is accounted for by means of potential-energy curves like those 
shown in Fig. J14 a and b. Here, the curves AB are potential-ener- 
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Fig. 118. Formation ol negative O^ ions in 
collision of electron with O, molecule as a 
function of electron energy (alter Messi) 


gy curves of the molecule AB, the curves AB~ are curves of the mo- 
lecular ion AB-. The decomposition of the molecule AB in this 
scheme may be regarded as its transition, through the action of an 
electron, to the state of the AB~ ion with subsequent dissociation 
of the latter into A -- B7. If the transition AB — AB- occurs from 
the zero vibrational state of the AB moiecule (low temperatures), 
then the maximum cross-section of the process will correspond to 
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electron energy determined by the distance along the vertical (ver- 
tical potential of the process) of the curve AB- from the minimum 
of curve AB (heavy arrow in Fig. 114). In accordance with the 
form of the wave function of the zero vibrational state (see Fig. 
87, p. 359), the transition region AB — AB^ is determined by the 
«ross-hatched band in Fig. 114 and is bounded on the low-energy 
side by a short arrow and on the high-energy side by a long arrow. 
It is to this region. that the left-hand curve of O^ ion yield in 
Fig. 113 corresponds. 

When the electron affinity of atom B exceeds the heat of disso- 
ciation of molecule AB, curve AB~ can intersect curve AB near 
its minimum (Fig. 114 b). When curve AB~ intersects curve AB 
at its minimum, the splitting process is already possible at ther- 
mal-electron energy and the maximum probability of the process 
will occur at electron energy equal or close to zero. This case is 
apparently accomplished in the splitting of I, by thermal electrons. 


Fig. 114. Formation of a negative ion in the process AB J-e—A-F-B^ 


E sufficiently high pressures, the following process can play a 
significant role in the lormation of negative ions: 


e--X--M—X--F-M 


where M is any molecule (third particle). The probability of this 
process is apparently close to unity, i.e., every gas-kinetic triple 
collision is effective. 

Photoionisation of gases. In the absorption spectra of a large 
number of gases we find regions of continuous absorption that adjoin 
the convergence limit of the Rydberg series. Such, for example, are 
the absorption spectra of the vapours of alkali metals. Since the 
energy corresponding to the series limit is equal to the respective 
ionisation potential of the atom or molecule, the quanta absorbed ' 
in the region of the continuous spectrum must satisfy the condition 


hv =el. (43.3) 
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For this reason, a continuous absorption spectrum is indicative of 
the process 
M+-hv=M*-+e 


(M designates an atom or molecule), i.e., of the possibility of 
photoionisation of gases. 

Photoionisation, or the photoelectric effect, in gases was detected 
in a number of cases directly by the appearance of a photocurrent 
upon irradiation of the gas with light of sufficiently short wave- 
length. The atoms of alkali metals which have the lowest ionisa- 
tion potentials are capable of being ionised by light of a wave- 
length corresponding to the relatively near ultraviolet. For the lim- 
it of the photoelectric effect of vapours of Li, Na, K, Rb, and 
Cs, we find the following wavelengths from the ionisation poten- 
tials of these elements using formula (43.3): 2299 A (Li), 2412 A 
(Na), 2856 A (K), 2968 A (Rb), and 3188 A (Cs). With few ex- 
ceptions (Al, Ba, Ca, Ga, In, Sr, Tl), the other vapours can be 
ionised only in the vacuum region of the spectrum (4 < 2000 A).* 

Table 38 gives the ionisation potentials of a number of gases 
measured both on the basis of photoionisation and spectroscopi- 
cally—by the limit of the Rydberg series in the absorption spectrum 
of the appropriate gas. From the table it will be seen that both 
methods yield practically coincident results (the error of the 
photoionisation method is +0.01 eV, that of the spectroscopic 
method, somewhat less). 


Table 38 


lonisation potentials of certain molecules measured by the photoionisation 
method and spectroscopically (in volts) 


[ 

Phot - ec tro- z à 
Molecule. | Puoteton~ | Spectre. | molecule. | Piration’ | seopiealiy 
co 14.01 14:013 | CHI 9.33 9.345 
H,O 12.59 12.61 G;H, 10.516 10.51 
HS 10,46 10.473 | CH. 9:07 9.063 
CO, 13.79 13.79 GH; 11.41 11.41 t 
CS, 10.08 10.079 | HCO 10.87 10.88 
N49. 12.90 12.72 CH,CHO 10.21 10.998 
CHCl 11.98 11,93 (CH,),CO | 10.69 10:705 
CH;Br 10:53 10:541. | CH, 9.245 9.240 
CHI 9.54 9.538 | CH,C.H, 8.82 8:82 


* Here, we do not consider the processes of secondary photoionisation when 
an atom or molecule absorbs a quantum of radiant energy and passes into an 
excited state and is ionised only as a result of the absorption of a. second 
quantum or by collision with another excited particle. In this case, it is ob- 
vious that condition (43.3) is not obligatory for every absorbed quantum. 
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Above (p. 422) we pointed to the possibility of photoneutral- 
isation of a negative ion, that is, the possibility of the process 
X--rEhv— X-re. 

On the basis of this process, Branscomb. developed an experimental 
method for measuring electron affinity; it consists in measuring 
the minimum frequency of light which, when used to irradiate a 

beam of negative ions, produces electrons. 

Photoionisation is also characteristic of X-rays and gamma 
rays. In this case, the ionisation differs from ordinary ionisation 
in that the atom or molecule undergoing ionisation loses one of 
the inner electrons and not one of the outer, weakly bound ones. 


44. Polarisation of Electronic Shells 


Polarisation is one of the most important properties of atoms 
and molecules. It has extremely diversified manifestations. 
Associated with it are the dielectrical and optical properties of 
matter. The polarisation of molecules is very important for the 
geometry and energy oi molecules. The polarisation of scattered 
light and the phenomenon of double refraction (bi-refringence) is 
due to molecular polarisability. Polarisation forces are of importance 
in the interaction of molecules. 

In this section we shall confine ourselves to a consideration of 
polarisation in an isolated molecule or in a sufficiently rarefied 
gas as related to certain macroscopic properties of gases. We 
shall have in view nonpolar gases, that is, gases whose molecules 
do not have a permanent dipole moment. We begin with polari- 
sation of a gas in a constant electric field, 

Polarisation in a constant electric field. In the simplest case, 
molecular polarisability is characterised by the polarisation 
coefficient œ, which is equal to the dipole moment induced in 
the molecule by an electric field of unit intensity. The dipole 
moment induced in a molecule by an external electric field of 
intensity © may be represented by the formula 

pot. (44.1) 

Connected with molecular polarisability are the dielectric 

properties of the medium characterised by the dielectric constant e. 


There is a unique relationship between & and e which is expressed 
by the Clausius-Mosotti equation: 


_ 4% __e—1M 
Pg MAGS ae (44.2) 


Here, Na is the Avogadro number, M the molecular weight, and Q 
the density. P is called the molar polarisation. 
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Thus, on the basis of (44.2) the coefficient of polarisation « 
may be found from measurements of the dielectric constant. 

The coefficient of polarisation thus determined fully characterises 
the molecular polarisability only in the case of isotropic mole- 
cules: molecules, the polarisability of which is the same in all 
directions. In the more general case of an anisotropic molecule, 
its polarisability is determined by three, generally different, axes 
of the polarisability ellipsoid that correspond to polarisation of 
the molecule in the direction of these axes. In this case, the 
quantity æ in expression (44.2) is only the mean coefficient of 
polarisation of the molecule. In an anisotropic molecule, the 
direction of the induced dipole moment coincides, in the general 
case, with that of the electric field. This anisotropy is particularly 
marked in optical phenomena associated with polarisation of 
molecules in the rapidly alternating electric field of a light 
wave. For this reason, optical measurements (in particular, 
refraction measurements) play an important part in studies of 
the polarisation of molecules. 

Polarisation in an alternating field. Refraction. According to 
Maxwell, the dielectric constant of a nonpolar gas e is equal to 
the square of its refractive index r*. And so equation (44.2) can 
be represented as ^ " s ^ 

T re 

R= ZNat—apoo (44.3) 
(the Lorentz-Lorenz relation). The quantity R defined by this 
equation is called molar refraction. Consequently, the earlier 
introduced molar refraction P can also be called molar refraction 
at a field frequency equal to zero (constant electric field). How- 
ever, since molar refraction is usually found from measurements of 
the refractive index for visible light, i.e., at frequencies of the 
order of 10'5 sec’, whereas the dielectric constant is measured 
in alternating fields (the frequency of which is small relative to 
the frequency of light) it is necessary to extrapolate R to v—0 
when computing molar polarisation from measurements of the 
refractive index. This extrapolation is ordinarily carried out by 
means of the following equation: 


zw fa z ) (44.4) 


(PT 
? LJ 


where œ, is the polarisation coefficient for Aco (v=0), 
=: We find «,(R,) from equation (44.4) by measuring 
a(R) for several values of A. 

The occasional divergence of values of R—R, and molar 
polarisation P computed in this manner is to be explained by the 


y 
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fact that polarisation is partially due to a shift (in the external 
electric field) of atoms and groups of atoms in the molecule, 
which shift can hardly be accounted for when extrapolating R. 
However, this shift is usually small and can often be disregarded. 

As is evident from (44.2) and (44.3), molar polarisation and 
molar refraction of a gas mixture are additive quantities insofar 
as the polarisability æ of each molecule may be considered 
independent of the surrounding molecules, which is fully permis- 
sible in the case of gases. What is more, experiment shows that 
molar refraction is but very slightly dependent on the temperature, 
pressure (concentration), and alterations (associated with the 
latter) of the aggregate state (association, condensation). Finally, 
from experiment it follows that molar refraction of a complex 
chemical compound may be represented approximately as the sum 
of refractions of the component atoms or ions: 


Ru= Xj Ra (44.5) 


Rm is the molar and Ra are the atomic or ionic refractions). 
This formula is most precise in the case of ionic compounds; 
ihe ionic refractions (or polarisation coefficients of the ions), 
which are determined for a 
Table 39 given ion from the molar re- 
Pott isabitiftes of lons: Gia eot ye 10" fractions of various compounds, 
A107 differ but slightly. There- 


fore, refraction, or polarisa- 


O7 S S-- Te-- | bility, of an ion is a con: 
u- alt Bit Ld end stant that describes a given 
10.18 0.96 3.60 5.0 7.60 ion in any compound that 
Lit Nat |. K*  Rb* Cs* contains it. The polarisation 


0.03 0.19 is 1.50 2.60 coefficients (polarisabilities) 
of a number of ions are 
0.008 0.10 . 0.55 1.02 1.86 given in Table 39. 

For investigations into the 
; ; field of ionic refractions we are 
indebted primarily to Fajans and his school. The work of this 
school deals mainly with aqueous solutions. Measurements of the 
refraction of solutions with account taken of that of water, and 
also alterations of the latter (they are due to the action of ions) 
lead to the possibility of determining ionic refractions through 
the use of (44.5). 

A similar method was applied by Born and Heisenberg for 
calculating the ionic refractions from measured molar refractions 
of NaCl-type salt crystals. They also attempted to calculate Ra 
from the atomic terms. This possibility follows from the fact that 
the Rydberg and Ritz corrections that enter into the expression 
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of atomic terms of alkali metals are directly determined by the 
polarisation coefficient of the ions of these metals (see p. 157). 
Finally, the refraction of ions with the electronic structure of a 
noble gas was obtained by Pauling theoretically (on the basis of 
quantum mechanics). All the foregoing methods yield close values 
of ionic refractions. 

In the case of atomic molecules (unlike ionic compounds), the 
refraction of separate atoms determined from the molar refraction 
of various compounds by means of (44.5) yield significantly 
different values, depending on the type of bond of the respective 
atom in the molecule. For example, the atomic refraction of car- 
bon is different depending on whether a given C atom is connected 
with the other atoms in the molecule by single, double, or triple 
bond. In the same way, the hydroxyl, ether, and carbonyl 
oxygens have different atomic refractions. Change in atomic 
refraction with the bond type of a given atom appears to be quite 
natural if one takes into account that the refraction of light- 
weight atoms is in large measure due to the outer electrons: when 
passing from one type of bond to another, there is a change in 
the bond rigidity of the valence electrons in the molecule, and 
this is detected from the change in atomic refraction. 

In addition, a definite part of refraction is also taken up by 
double and triple bonds; only by taking this into consideration 
when calculating the molar refraction from corresponding atomic 
refractions is it possible to obtain satisiactory agreement with 
the measured value. Table 40 gives the empirical values of 
refractions of some atoms together with the refractions that are 
formally attributed to C=C and C=C bonds. 


Table 40 


Atomic refractions (for D-lines of sodium) 


Atom (bond) Refraction Atom (bond) Refraction 


H 1,100 O hydroxyl 1.525 

F 0.997 O ether 1.643 

[e] 5.967 O carbonyl 2.211 

Br 8.865 N primary 2.322 

13.900 N secondary 2.502 

C 2.418 N tertiary 2.840 

Double C, C bond 1.733 N nitrile 3.118 
Triple C, C bond 2.398 


By way of illustrating the computation of molar refraction from 
the refraction of the atoms that comprise the molecule (this is 
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very important for determining the structure of chemical com- 
pounds), let us compute the molar refraction of ethyl alcohol 
C,H,OH. Here, we have two carbon atoms, six H atoms, and 
one hydroxy! atom O connected by single bonds. From Table 40 
we get 2Rc+-6Ru+Ro, „a = 4.836 + 6.600 ++ 1.525 — 12.961, where- 
as direct measurements give 12.78. In exactly the same way, 
computing the molar refraction of acetacetic ester 


HO HO H H 
he eds] In 
u—¢_t_d_d_o_¢d H 
| | NN, 

H H H H 


with six C atoms, ten H atoms, two carbonyl O atoms, and one 
ester atom, we get Ry — 14.508 -+ 11.000-+- 4.492 -+ 1.643 — 31.573, 
instead of the measured molar refraction 32.00. 

There is however another possible method of representing molar 
refraction. Namely, we can assign definite values of refraction 
not to individual atoms but to the separate bonds in the mole- 
cule, as is done in Table 41. 


Table 41 
Refractions of bonds 
H—H 2.08 C=C 4.15 |G—F 1.60 
C—H 1.705 C=C 6.025 | C—CI 6.57 
N—H 1.87 N—C 1.55 C—Br 9.47 
O—H 1.88 O—C 1.42 C—I 14.51 
C=) Ge bl209 OEC 3.49 


The refractions of bonds given in this table are related to the 
atomic refractions (Table 40) as follows (after Steiger and Smyth): 


Rezu = 4 Re-+Ru, Re, =g ReH Rut Roa 
H^ 
I 
Rc-c— Ro, Rc, =F Re+ Roun 
c^? 
Re=c=Re+I=, Rc-o— + Re-+Ro 
3 car 
Reac=5Re+I1=, Rcx =- Rc-- Rx. 


Here, the symbols I= and I= desi nate the atomi fracti 
due to double and triple carbon bonds Ro, v Ta ho 
e car 


are atomic refractions of the hydrox 1, eth H d bonyl 
of oxygen and X =F, Cl, Rr nd L EE 
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The good coincidence of calculated and measured values of 
molar refraction that is observed in most cases shows that the 
molar refraction of various chemical compounds can be pre-calculated 
to a high degree of accuracy. This accuracy permits taking advan- 
tage of refractometric measurements as a method of studying molec- 
ular structure. Molar refraction permits establishing the presence 
and number of complex bonds in a molecule, the nature of the 
oxygen bond, etc. This accounts for the great role played by 
reiractometry in structural chemistry, in particular in organic 
chemistry and in the chemistry of complex compounds, and also 
in the study of solutions. 

The following simple instance will illustrate the use of refracto- 
metric data in establishing the type of bonds in a molecule. 
Assuming that the CO, molecule is an ionic molecule, i.e., that 
it consists of a C^* ion and two O-- ions, from the refraction 
of these ions (0.0034 and 9.88) we get for the molar refraction 
of CO, the number 19.76, which is three times the actual value 
of Reo, == 6.71. In contrast to this result, calculation of Rco, on 
the assumption of the atomic structure of the CO, molecule yields 
practically complete coincidence of calculated (6.84) and measured 
values, as will readily be seen from the data given in Tables 40 
and 41. Whence there follows the inevitable conclusion as to the 
atomic structure of CO,. 

Refractometric measurements are also very important for molecular 
energetics. Since we are able to assign fo each bond a definite 
portion of refraction, it is possible to judge of the strength of the 
bonds in amolecule from the magnitude of the respective refrac- 
tions. The stronger the bond, the more rigidly fixed in the 
molecule are the electrons, and hence, the less should be the 
refraction they are responsible for. 

It should be pointed out that in conjugated and aromatic 
systems we notice perceptible deviations of molar refraction from 
additivity. These deviations indicate that the compounds are 
exceedingly strong; they are called exaltation of refraction. 

Anisotropy of polarisability and molecular structure. One of 
the manifestations of anisotropy of polarisability is the depo- 
larisation of scattered light. Measurements of the degree of 
polarisability permit us, in certain cases, to determine the prin- 
cipal polarisabilities of a molecule that characterise its polarisa- 
bility ellipsoid. The degree of depolarisation A is determined by 
the ratio of intensities (in a scattered ray) that correspond to 
oscillations parallel and perpendicular to the direction of the 
oscillations ‘of the exciting ray: 

A=. 
D 
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In the classical theory of Tyndall, which does not take into 
account rotation of the molecules, the intensities I , and Ij 
are calculated as follows. We introduce a coordinate system fixed 
in the molecule E, m, £, the directions of the axes of which coincide 
with the directions of its principal polarisabilities a,, a,, œ, 
and a fixed coordinate system x, y, z. Let the electrical vector 
E of the exciting linearly polarised ray be directed along the z 
axis. Then for the moments induced in the molecule in the 
direction of its principal electrical axes we will have 


pP:=«,E cos (5, z), p, =% E cos (n, z), p, —«,E cos (t, z). 


Obviously, the components of the moments along the axes z 
and x are 


p,— P; cos (&, z)-} p, cos (n, z) p, cos (6, z), 
py — p; cos (E, x) p, cos (n, x)-+p, cos (5, x). 


To simplify calculations, in the case of a molecule with an 
axis of symmetry («,—«a,) we may consider the axis ņ as lying 
in the plane xy, whence it follows that cos (n, z)—0. 

vd ics the designations Z (m, y)— q and / (t, z) — 9 we 
will have 


cos(5, z)— sin 0, cos (£, z)— cos 0, cos (E, X)— cos @ cos 0, 
cos (y, x) —sin q, cos (6, x) — — cos q sin 0, 

Substituting these values of cosines into the expressions for the 

components of the induced moments, we get 

p,— (o,sin*ü-|-a, cos*0) E and p,— (q, — «,) sin 9 cos 0 cos q - E. 
The intensities of the scattered light are proportional to the 


squares of the respective. moments. We find the mean intensities 
as 


Ffa Fla nfa 
1 f Py sin Odd singd@ 1 psin 9 dà. 
o 0 
ly Pawan GP mue. i Ii. 
f sin 9dósin p dp V sin odd 
o 0. 0 


Substituting here the above-obtained expressions for " and 
pz and integrating, we get 
Am (a — a)? 


Sai p day, + Bar? ` (44.6) 
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If the exciting light is natural, an analogous computation for 
the degree of depolarisation yields 
A= Aa, — a 


Tan peau 0d. C (44.7) 


Finally, in the case of a molecule that does not have an axis 
of symmetry (a,=40,), the expression for the degree of depolari- 
sation of natural light, when it is scattered, has the form 

A Moe? + oc HA — auo — Aay — 09i) 
Aas of as) + (aas H Oaa - a) 


(44.8) 


Inasmuch as account of the rotation of molecules leads to the 
same expressions for the degree of polarisability of scattered 
light, the foregoing equations may be considered general. 

Firstly, from these equations it follows that in the case of a 
symmetric isotropic molecule («, = &,=4,) the degree of depola- 
risation must equal zero. In another extreme case of a totally 
anisotropic molecule (#,—«,—0), the degree of depolarisation 
of linearly polarised light should equal i and of natural light 


z` 
To determine the principal polarisabilities of a molecule c, 
d, «, we have the following equations. First of all, from (44.3) 


for the mean polarisability of the molecule, 
ge SUE, 


we get the expression 
197 rh] 
a -]- 04 -]- € — 335 5 F2 


which may be represented approximately (due to r*'z-1) in the 
form 


a, Hata; E : (44.9). 


27n 


(n is the number of molecules in 1 cm’). The second equation is. 
(44.8), which may be rewritten as 
10 (ga — 4a)? + (t — 0)* + (0 — 0)* 
6—7A (e +4, +)? 
or, because of (44.9), 
45, —1) 
(e — e H (@, — 2) + (a, — m) =e 2S, SE. (44.10) 


15—3038 
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To summarise, then, we have two equations, (44.9) and (44.10), 
to determine the three unknowns @,, &,, and a,. Whence it follows 
that, alone, the measurements of the degree of polarisation and 
refractive index permit determining o,, «,, and «o, only for 
molecules having an axis of symmetry when the missing equation 
is obtained from the symmetry of the molecule, namely, equation 
o,—=«a,. Table 42 gives the values of the principal polarisabilities 
of certain symmetric molecules found in this manner. 


Table 42 


Principal polarisabilities of a number of molecules 
(in em? X 1059) 


Molecule | [^ Molecule | ay 


a 2.38 | 1.45 | C,H, 5.61| 3.59 
0; 2.35 | 1.21) CH, 6.35 | 12.31 
CÓ 2.60 | 1.63 | CH,  |8.90|11.90 


The third equation * that is missing in the general case of an 
asymmetric molecule may be obtained by taking into account the 
Kerr effect. The essence of this effect lies in the fact that isotrop- 
ic substances, when placed in an electric field, become bi-refringent, 
i.e., light rays passing through them are polarised parallel and 
perpendicular to the field and acquire diferent velocities. The 
result is a difference in the paths of the rays. This difference, ac- 
cording to the Kerr law, is 


dh= K > EP (44.11) 


where K is the Kerr constant, r and A are the refractive index 
and the length of the light wave in the absence of a field, / is 
the geometrical path of the rays in a bi-refringent substance, and 
E is the field intensity. Designating the refractive indexes of the 
two rays by Ij and np we can represent the optical diflerence of 


(ry —r4,)4 
path as att, whence we get the following expression 


* It is possible, in principle, to determine the quantities o, a, and a, 
also on the basis solely of measurements of A and r, since, according to the 
foregoing, the degrees of depolarisation of linearly polarised and natural 
light are different; this gives the third equation. However, in the case of 
gases (because of great difficulties in measuring the degree of depolarisation 
and the considerable concomitant errors) measurements in polarised excited 
light are practically impossible. When measuring A the rule is to use bright 
sunlight, that is, natural light. 
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for the Kerr constant: 


er 
K= a. (44.12) 


The theory of the Kerr effect in a nonpolar gas was given by 
Langevin and subsequently generalised to a polar gas by Born. 
We do not intend to give a detailed account of the theory but 
will confine ourselves to a brief examination of its underlying con- 
cepts and its chief results. 

In view of the equal probability of all directions in the absence 
of an electric field, a gas consisting of optically anisotropic mol- 
ecules is an isotropic medium. In an electric field there arises a 
certain directed molecular orientation, which is what leads to ani- 
sotropy of the gas as seen in the Kerr effect. In the case of a non- 
polar gas, this directivity is due to polarisation of molecules in 
an electric field; in a polar gas there is, in addition to polarisa- 
tion, an orientation effect of permanent dipoles. Because of the 
directivity of the total dipole moment of a molecule in an electric 
field, its polarisability in the direction of the field (c) will differ 
from that perpendicular to the field (œj). When computing the 
mean -polarisabilities a and æy, one can represent them as a func- 
tion of the following quantities: the principal polarisabilities of 
the molecule in the electric field of a light wave o,, o,, %, the 
principal polarisabilities in an electrostatic field a,, a,, a,, the 
components of the electric moment of the molecule p, i. e., the 
projections of p on the coordinate axes E, m, & (fixed in the mol- 
ecule), p, Pas Ps» the square of the electric field intensity E*, 
and, finally, the absolute temperature of the gas. On the other 
hand, a and «, may be represented as 


ri—1 r-—I 


S nay = and < mam 
Cu UTER pam ae) 


thus making it possible to express the Kerr constant (44.12) in 
terms of &,, Q, Os, à, à, aj D, Po D, and the temperature T. 
By virtue of equalities (44.2) and (44.3) we should have the fol- 
lowing relationship between the quantities a,, a,, a, and a, a, a: 


LES Liem s mal Soe (44.13) 


Further, the Kerr constant may be represented as the sum of two 
terms: K,, which is associated with pure polarisation of the mol- 
ecules, and K,, which is determined by the orientation of the 
permanent dipoles (dipole member). For the first of them (at rz1) 


15* 
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we get from theory the following expression: 


K =i rip alo — 2) H (4, — 2.) +, — e). (44.14) 


which, in view of (44.11) and also P—nkT (ideal gas), may be 
represented in the form 


^ E 
K= pee a (44.15) 


From (44.15) it follows that the constant K, is practically inde- 
pendent of the temperature of the gas. 
For K, the following general expression is obtained: 


a n 


K, = gere (Pi — P?) (o — o4) ++ (p — P3) (% — 04) 4 
F (ps — pi) (e, — e)]; (44.16) 


which, in case of coincidence of the direction of the dipole mo- 
ment of the molecule with the direction of one of its electrical 
principal axes (for instance, the € axis), takes on a simpler form: 


K,= 75 pr P! (20, — o, — o). (44.17) 


Expression (44.17) can serve as the missing third equation, 
which, together with equations (44.9) and (44.10), permits deter- 
mining the constants c,, o, and o, for any polar molecule on the 
condition that p—p,, p, — p, —0. The dipole moment of the mol- 
ecule should then be known. However, in the case of nonpolar 
molecules, which always have at least one axis of symmetry, it is 
sufficient to have two equations to determine the polarisability el- 
lipsoid: (44.9) and (44.10) or (44.9) and (44.14). It may be noted 
that due to the greater accuracy in measuring the Kerr constant, 
it is usual to take the second pair of equations to determine the 
principal polarisabilities. : 

As has already been pointed out, a determination of the optical 
:polarisability ellipsoid of molecules is exceedingly important for 
‘finding the geometrical molecular structure. We shall consider here 
‘several of the simplest cases that illustrate this method of estab- 
lishing molecular structure. Thus, for the molecules SO, and H,S 
‘we may, generally speaking, conceive of both linear and bent (equi- 
lateral triangle) molecular structures. Measurements of a,, o, and 

cæ, for SO, yield 54.9 X 107*5*, 27.2 X 10-**, and 34.9 X 10-** cm’ 
and for H,S 42.05€10-*5, 32.1 10-5, and 39.3 X 10-** cm’. 
The different values of all three polarisabilities in both cases com- 
(Pel: us to-exclude-the.linear structure of the molecule, for then, 
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due to an electrical axis of symmetry, the two polarisabilities would 
coincide. The bent structure is also obtained for molecules of 
alcohols, esters, ketones, etc. In contrast, in the case of the N,O 
molecule, measurements yield œ, ==53.2X 107** and «,—«,— 
—18.35« 10-** cm’, that is, the structure is linear. Similar results 
also point to a linear structure of the molecules HCN, CO,, CS,, 
C,H,, C,N,. Further, from the fact that within experimental error 
all three principal polarisabilities of the molecules CCl, and SnCl, 
are the same, it follows that these molecules are of tetrahedral 
symmetric structure. 

On the mutual interaction of atoms in molecules. Polarisation 
of molecules is also extremely important as one of the essential 
conditions for conveying the mutual interaction of atoms or atomic 
groups in a molecule. One of the most common types of mutual 
effect is that which Markovnikov characterised as follows: “The 
efect ... diminishes with their (atoms— Kondratyev) recession 
from one another in the overall chain of chemical action.” In the 
language of electronic concepts, this type of mutual interaction be- 
came known as the induction type. 

When an atom or atomic group is replaced by another one, a 
redistribution of density occurs in the electron cloud of the mole- 
cule. This distortion of the electron cloud is greatest near the re- 
placed (functional) group and rapidly falls off with recession from 
it. Acetic acid is one of numerous instances of the induction effect: 


O 
meneo 
NOH 
When one of the H atoms in the methyl group is replaced by a 
halogen atom (X), we have an induction shift of the electron den- 
sity in the direction of the electronegative atom (as indicated by 
the arrows): 


H 

| 
X—C—C—0.—H 

[eel 

HE 


As a result.of this shift, the O—H bond in the hydroxyl group 
becomes more polar or more electrovalent; this is manifested in 
a more ready ionisation of the bond, i.e., the proton in solution 
is more easily split off. In full correspondence with theoretical 
concepts, it follows from experiment that the more electronegative 
the halogen, the easier the proton is split ofl; further, in the se- 
ries of carbonic acids, variation of proton mobility upon. replace- 


15*—3038 
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ment of the H atom in the extreme methyl group by a halogen 
becomes less and less as the chain length increases. 

The induction effect does not in any way exhaust the types of 
mutual effect of atoms. A special type of mutual eflect is charac- 
teristic of so-called conjugated systems, i.e., molecules containing 
alternating single and double bonds. This, for instance, is the 
structure of molecules with polymethine chains, such as the hexa- 
diene molecule H,C — CH —CH — CH —CH — CH,. A characteris- 
tic feature of conjugated bonds is their greater or lesser similarity, 
which is due to a certain smoothing of the differences between 
single and double bonds. This is evident from both chemical exper- 
iments and physical measurements, in particular, measurements of 
interatomic distances and bond strength, elastic forces acting be- 
tween the atoms and determining the vibrational frequencies of the 
molecule. All these data lead to the conclusion that the electron- 
cloud density (corresponding to a single bond) in a conjugated 
system of bonds is greater than the electron-cloud density in an 
isolated single bond and less than in an isolated double bond, 
thus being. intermediate between them. The degree of similarity of 
bonds in the conjugated chain systems is the greater the longer 
the chain; this must be due to the greater uniformity of elements 
of long-chain molecules. For this reason, in the benzene molecule, 
which consists of six similar CH elements, the bonds are in every 
way similar and the molecule has a high degree of symmetry (axis 
of symmetry of the sixth order). 

Connected with the similarity of the electron density in conju- 
gated systems is their greater strength over Systems with isolated 
bonds. For this reason, the transition from molecules with isolated 
bonds to molecules with a system of conjugated bonds is ordinarily 
accompanied by the release oi energy. A good example is the Ze- 
linsky reaction: 


IS E HO SH H 
Mom TE BN RR 
Oe CA 2 nt E 
Br GSH - H-c cam uw 
3 SR 
gh ba ic d T er n 
Xc NC , 
JANE. aU MEA P n HE AZ NOZN 
H | 
H 
Cyclohexene Cyclohexane Benzene 


in which 19.8 kcal are released per gram-molecule of benzene. 


I—————— 
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From the point of view of quantum chemistry, the similarity of 
single and double bonds in conjugated and aromatic systems may 
be associated with the great mobility of the electron cloud of zx-bonds. 
The partial overlapping of the p-clouds of double bonds separated 
by a single bond leads to the formation of “bridges” between the 
double bonds; these bridges strengthen the single bonds between 
them and, at the same time, weaken the 
double bonds (Fig. 115). From this stand- 
point, the chemical bonds in conjugated sys- 
tems should be regarded as a special type 
of bond. Indeed, whereas in molecules with 
ordinary isolated single or double bonds 
each valence electron together with the 
electron of an adjacent atom forms a cloud 
that corresponds only to a definite bond, 
in conjugated systems one valence electron 
can simultaneously be shared by the clouds | x 
of two adjacent bonds. Considering aroma- rig dro RD Of 
tic bonds as the limiting case of conjugat- Diem or aborts (all 
ed bonds, we may assume that the chemi- C, C-bonds are equalised) 
cal linkage here is, to a certain extent, very 
close to the linkage in metals, i.e., to linkage between atoms in 
the crystal lattice of a metal, where each electron binds many atoms. 
And just as the valence electrons in a metal do not actually belong 
to any one atom and form a single electron cloud, so, for instance, 
in the benzene molecule the six electrons of the zx-bonds should be 
considered as being shared by all six atoms of carbon. 

The peculiarities, characteristic of conjugated systems, in the trans- 
mission of mutual interaction of atoms are accounted for by spe- 
cial properties of chemical linkage in these systems. In contrast to 
the rapidly attenuating induction effect, the mechanism of its trans- 
ler in conjugated systems is such that the eflect is transmitted 
along the chain of conjugation almost without any attenuation. By 
way of illustration, let us examine the case of crotonic and sorbic 
esters 


[A c [4 


70) 
H,C—CH—CH— CC 
^OR 


and e 


HC CH=CH CH CHOC TE 
NOR 


Despite the great distance of the methyl group from carboxyl oxy- 
gen, the specific influence of the latter on this group persists in the 


i5** 
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molecules of these esters just as in the molecule of acetic ester, 


o 
H,c—c¢ 
Nor 


which follows from the close properties of the methyl group in all 
three esters. 

The specificity of transmission of an effect along a chain of con- 
jugation in these and other cases is due to the fact that all m-elec- 
trons in a conjugated or aromatic system form, to one degree or 
another, a single electron cloud, by means of which the transmis- 
Sion is accomplished. The correctness of this mechanism finds con- 
firmation in the following data. Of the lollowing five derivatives 
of benzene, 


NO, NO, NO, NO, 
| HC ACHO H,C CH, 
BO 0 ty YY 
VANIA NN i à j N à 
^ ES uc NAAN ; dio uc YY ‘cu, 
CESC Cl Cl l 


the first (chlorobenzene) has a typical aromatic chlorine atom of 
low mobility. In the next two (parachloronitrobenzene and meta- 
dimethyl-parachloronitrobenzene) the chlorine atom is mobile due 
to the influence of the nitro group, which influence is transmitted 
via the benzene nucleus. In the last two derivatives (orthodimeth- 
yl-parachloronitrobenzene and 2, 3, 5, 6-tetramethyl-4-chloronitro- 
benzene) the chlorine atom is again of low mobility as in chloro- 
benzene. At the same time, the nitro group in the last two derivatives 
is pulled out of the plane of the ring by two adjacent CH, groups; 
this disrupts the cloud of T-electrons and, thus, precludes the 
transmission of influence of the nitro group via the benzene nucleus. 

As is evident from the foregoing examples and from other numer- 
ous chemical and physical data, some types of mutual interaction of 
atoms and groups of atoms are explainable in terms of the electronic 
concepts of quantum chemistry. However, the problem of mutual effect 
taken as a whole still requires further theoretical development, 
particularly as regards the establishment of quantitative regularities. 

The peculiarities of the mutual interaction of atoms and groups 
of atoms (this finds expression in a redistribution of density of the 
electron cloud of the molecule and in the polarity of the covalent 
bonds, in a tendency of bonds to become similar in conjugated sys- 
‘tems, in changes of the strength of individual bonds, and in other 
*eflects) lead to a great diversity of properties of chemical com- 
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pounds. The necessity for systematisation of vast experimental mate- 
rial gave rise to the systems of organic and inorganic chemistry. 
All the compounds were arranged in separate classes characterised 
by definite features of chemical structure. However, even within the 
limits of a single class, the compounds frequently differ greatly as 
io chemical structure. The reason lies in changes in the electron 
cloud of the molecule under the influence of a variety of atomic 
groups To illustrate, let us consider the derivatives of carbonic acid 
expressed by the iormula 


RO. 


EP 


where R is an H atom or group of atoms. From the capacity for 
hydrolysis, i.e., for the reaction 


ROW 
RO” 


it follows that the R —O bond in these compounds is more or less 
electrovalent. The gieater the difference in electronegativity of the 
R group and the O atom, the greater the tendency for hydrolysis. 
In the limiting case, a compound of this kind will have a structure 
corresponding to the formula 


C=0-+2HO-— ROH 4-C0;^, 


in contradistinction to another limiting case of a purely homopolar 
compound, the structure of which corresponds to the formula 


por eae | 
RO” 


However, the foregoing formula of an ionic compound does not 
express the true structure of a molecule of a derivative of carbonic 
acid even in the limiting case because it does not take into ac- 
count the mutual effect of the RO groups and the carbonyl group. 
In reality, however, as follows from the symmetric structure of the 
CO;- ion (this structure indicates complete similarity of all three 
bonds between the atoms C and O) the electron cloud of the C=O 
bond should be shifted towards the oxygen atom and impart to it 
a certain negative charge and there should be a simultaneous dis- 
placement of the negative charge of oxygen of the RO group in the 
direction of the C atom. The true structure of the molecule under 
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consideration is given by the following formula (by means of curved 
arrows that indicate the direction of shift of the negative charge): 


From the foregoing it follows that the true structure of the deriv- 
atives of carbonic acid does not correspond either to the limiting 
ionic or the limiting covalent formulas, in the same way as, for 
example, the true structure of the HF molecule cannot be expressed 
by the limiting formulas 

H—F and H*F-. 
The HF molecule is neither purely atomic nor purely ionic, but has 
a structure intermediate between these extreme forms. As has been 
pointed out earlier (see (33.9)), the wave function of such a mole- 
cule is expressed, to a first approximation, by the sum of two terms 
that correspond to the two limiting structures: atomic and ionic. 

The above examples of changes in the mobility of individual atoms 
under the influence of substitutes depending upon the structure of 
the molecules are an illustration of Butlerov’s concept of the mu- 
tual relationship between the structure and reactivity of chemical 
compounds. The degree of mobility of a given atom or atomic group 
may be regarded as a certain relative measure of the reactivity of 
the molecule. The relativity of this measure is evident from the 
fact that the reactivity of a given molecule is significantly aflected 
not only by its structure but by the nature of the particles interact- 
ing with it, and the conditions in which the reaction proceeds— 
the medium, temperature, and other factors. During the reaction the 
reacting particles form a single complex in which the same mutual 
interactions of atoms obtain as in an isolated molecule. The mutual 
interactions in a reacting system, which may be called dynamic (in 
contrast to the static ones that occur in isolated molecules), find 
expression in a redistribution of electron density, which ultimately 
leads to a redistribution of bonds in accord with the structure of the 
newly formed substances — the reaction products. Dynamic effects 
explain the specific peculiarities of various reactions of addition 
and substitution, the phenomena of transfer of the reaction centre 
of a molecule from one atom to another, phenomena of orientation 
in a benzene ring, and many other regularities of chemical reactions. 

To illustrate, we take the case of a dynamic effect relating to the 
reaction of butadiene with hydrogen chloride in an acid medium. 
The overall equation of this reaction is given in the form 


H,C— CH — CH —CH, +-HCl — H,C — CH=CH — CH, Cl. 
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According to the mutual-interaction theory, in the initial stage of 
the reaction (which involves the attack on a butadiene molecule by 
an H* ion) there is a displacement of the electron cloud in the 
ies of the attacking charge in the nonpolar molecule of buta- 
iene: 


c= cu is cn. 


This results in the cation H,C— CH — CH — CH? which, by adding 
a chlorine ion (at the end of the chain), converts into the reaction 
product 

H,C— CH=CH — CH; --Cl-— H,C — CH —CH — CH,CI. 


A peculiar manifestation of the mutual interaction of atoms in 
separate molecules or during the interaction of molecules is exhibit- 
ed in the so-called Aydrogen bond. This bond is eflected between 
a hydrogen atom (which is chemically connected with one of the 
atoms in the molecule, usually with an atom of O or N) and some 
other atom (usually an atom of O, N, or F) of the same or of a 
neighbouring molecule. In the former instance one speaks of an in- 
ternal, or intramolecular, bond, in the latter, of an external, or in- 
termolecular, hydrogen bond. 

An example of a compound with an intramolecular hydrogen bond 
is acetylhydroperoxide. Because of the hydrogen bond (designated 
by dots) there are two forms of this compound: 


H,C H,C 
N x 
(j= (9-0 
we and YA 
[9] $ (0) 
NS 3 N 
O—H O—H 


that are stable at different temperatures. A similar example is the 
molecule of acetacetic ester (enol form), the structural formula of 


which is a 
H,C—C/ AH 
pie: ) 
\ 7 


| 
O—C,H, 
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The intramolecular hydrogen bond imparts to the molecule specif- 
ic physico-chemical properties. The formation of a hydrogen bond 
with the participation of hydroxyl hydrogen involves “masking” the 
hydroxyl group; this is seen in the absence of the hydroxyl band 
in the infrared absorption spectrum of the compound (A 2.7 p). The 
hydrogen bond also accounts for the comparatively weak solubility 
in water, the anomalous electric conduction of solutions, etc. The 
presence or absence of a hydrogen bond essentially alters the reactiv- 
ity of the molecule. 

The strength of hydrogen bonds is usually measured in energies 
of 4 to 8 kcal/mol. 


45. Intermolecular Forces in Gases 


Intermolecular hydrogen bond. The intermolecular hydrogen bond 
is most frequently expressed in the association of molecules, for 
example, in the dimerisation of carbonic acids and other compounds. 
To illustrate, the formic acid molecule, which is dimeric in the li- 
quid and gaseous states and also in solutions in nonpolar solvents, 
may be represented in the form 


s “HO 
"4 N 
HCO C—H. 
A 
O—H-...07 


It is essential to point out that according to electronographic 
measurements the distances O—H and © ---H in the dimers both 
of formic and other carbonic acids are different. 

Association of molecules accomplished by means of the hydro- 
gen bond is a type of intermolecular interaction which to some 
extent approaches the ordinary chemical interaction of molecules. 
Indeed, the intermolecular hydrogen bond is frequently seen to 
have stoichiometric ratios, which are characteristic of chemical 
interaction due to valence forces. As a result of the fulfilment of 
stoichiometric ratios in the case of the aforementioned association, 
molecules that tend to the latter possess features characteristic of 
radicals. For instance, if one disregards the mechanism of molecul- 
ar interaction, one notices a certain similarity between the above- 
considered molecules of formic acid HCOOH, which, as a result of 
association, form the dimeric molecules (HCOOH),, and, for example, 
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the NO and NO, molecules that dimerise into (NO),* and (NO,),. 
At the same time, intermolecular interaction due to the hydrogen 
bond has certain features of similarity with the nonvalent van 
der Waals interaction of molecules. 

This type of interaction is determined by the forces of mutual 
attraction of molecules that give rise to the difference between real 
and ideal gases, to the condensation of gases, molecular association, 
solvation (in solutions), and, finally, to interaction between differ- 
ent parts of the same molecule that are not directly (chemically) 
connected. The interaction ener- 
gy that corresponds to van der 
Waals forces operating between 
neutral molecules is of the order 
of magnitude of molecular heats 
of evaporation. Many of the 
alorementioned phenomena may 
be due either to van der Waals 
forces or to hydrogen bonds. lt 
has been pointed out that the 
distinguishing feature of van der 
Waals forces is that they do 
not satisfy stoichiometric ratios 
in molecular interaction. 

The nature of van der Waals 
forces. Underlying the theory of Fig. 116. Orientation interaction of 
van der Waals forces are the fol- dipoles 


lowing concepts of intermolecular : 
interactions. It may be assumed that in polar substances there 


operate orientation [orces between molecular electric. dipoles; these 
forces tend to bring the interacting system (which in the simplest 
case is a pair of molecules) into a position of minimum potential 
energy. Further, both in the interaction of two dipoles and of a 
dipole with a nonpolar molecule we have polarisation of one par- 
ticle in the electric field by another, which leads to mutual 
attraction. Finally, for nonpolar molecules the main part is played 
by the so-called dispersion forces, which correspond to the interac- 
iion of momentary electric dipoles that arise in molecules due to 
ihe rotational motion of the electrons. As we shall see, dispersion 


* According to roentgenographic measurements, the dimer (NO), has the 


following structure: 


(r, — 1.10 A and r, — 2.38 A). 
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forces likewise play an important part in the interaction oi polar 
molecules. Let us consider each of the three types of van der Waals 
forces, first calculating the potential of the orientation forces. 
Fig. 116 shows two dipoles separated by a distance r. Here, 
9 is the angle between the direction of r and the axis of the first 
dipole, and @ is the angle between the direction of the electric 
field E produced by the first dipole and the axis of the second 
dipole. Considering the dipoles identical and the magnitude of r 
great as compared with the dimensions of the dipoles, we will have 


where p is the dipole moment. Whence, for the mutual potential 
energy of the dipoles U—pE cos q, we get 

U UE p? cos q. 
The mean value of U is determined by the expression 


FU 
f e KTU sin 0 dO sin gdp 


T 
f e ‘Tsin 9 dO sin q dp 
0 


At ay high temperatures, i.e., at U<kT, this expression 
yields 


The . (45.1) 


The existence of dimers in the vapours of alkali-halogen salts, 
(NaF), for instance, must be -attributed to orientation interaction; 
however, dispersion interaction should also play a significant role 
as well (see p. 449). 

To compute the potential of polarisation forces let us consider 
the interaction of a dipole and a nonpolar molecule. In this case, 
the mutual potential energy of the particles is 


- aE? 
2 


where œ is the polarisation coefficient of the nonpolar molecule 
and E is the electric field intensity of the dipole. Substituting 


into this expression [UE Eott, and computing the mean 
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value of the potential U (cos'0= 5), we get 


(epee 
=— 7. (45.2) 
The quantum-mechanical theory of van der Waals forces in the 
case of nonpolar molecules was developed by London. Below we 
give a simplified derivation of the potential energy of molecular 
interaction due to Born. The motion of a single electron is con- 


la ——— r ———_—_} 

1 

edt oe 
et que a J æ 

D i ' I 


Fig. 117. Model representation of dispersion 
interaction of molecules (after Born) 


sidered in the Coulomb field of the nucleus. The instantaneous 
relative position of nuclei and electrons of two such “molecules” is 
shown in Fig. 117. Here, r is the internuclear distance, x, is the 
distance between the nucleus and the electron of the first molecule, 
and x,, of the second one. The potential energy of the system that 
corresponds to Fig. 117 is, obviously, 


U 


et et e 


a 
| 
Tpxy—x, r T+x, r—x' 


Expanding this expression in a series of powers of the small quantities x/r 


i= [ ce ea 


r 


x? x 1 X x 2e*x,x, 
Ae apap eso ld Sra i 
and confining ourselves to the first term of the series, we find 
2e?xix, 
U=——+ 


Considering each molecule separately as a harmonic oscillator, we 
represent the quasi-elastic force that gives rise to the oscillations 
of the electron as F—{x, where f is the quasi-elastic bond constant. 
It will be noted that the constant f may be expressed in terms of 
the polarisability of the molecule a: writing the instantaneous value 
of the dipole moment of the molecule ex — «E, where E is the 


electric field intensity equal to E —F/e, we have ex =% quen 
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i=2. From the expression for a quasi-elastic force we get 
u=% for the potential energy of the oscillator. 
Adding to U the kinetic vibrational energy E mee 


(p=mx is the momentum corresponding to the S dt: x, m is 
ihe electron mass), we get the Hamiltonian function 


= p? fx? 
P T 
from which we find the oscillation equation 4 Pa = or 
mx = — Íx. 


Solving this equation we find the oscillation, frequency of the 
oscillator 


In the given case of two interacting oscillators, the Hamiltonian 
function will be written in the form 


H—g. (pr-- 52 4-5 Gt opat, 
Introducing new variables 
X yg x) and X, — 75 05 — X) 
we can rewrite the Hamiltonian function as 
Hog PHPD (5-8) aHa) 


Solving the oscillation equations of the system that are obtained 
from this expression 


mX,— — (1— 25) X, and mX,— —(r4-&) X 


we get, for the oscillation frequencies, 


TOES Lt (tr) and o—4 V iE) m 


Expanding these expressions in a power series of 1/r, 


e Ge 


o, —o(1 —i—3m—-...) and o,—o(1-E s gea.) 
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(here o= y i) and discarding terms that contain the higher 


powers of l/r, we get the following expression for the zero vibra- 
tional energy of the system (see p. 355): 


ho, , ho; — ( pt eke 
yg hel | — ops )- 


We see that as a result of the interaction of momentary dipoles the 
zero vibrational energy of the system diminishes by 

=— yg (45.3) 

which is thus the potential of the van der Waals forces that cor- 

f 

2x m 


respond to this interaction. Since œ and fec ex- 


pression (45.3) can be transformed to 


heg %2 
Ur XY (45.4) 

Expressions (45.3) and (45.4) were generalised by Slater and 
Kirkwood for the case of spherically symmetric molecules having 
n outer electrons. The expression they obtained for the potential of 
van der Waals forces is of the form 


hegy n 
2x V mre 

Comparing (45.1), (45.2) and (45.5), we see that in all cases of 
interaction the potential of van der Waals forces is inversely pro- 


portional to the sixth power of the intermolecular distance r and, 
consequently, may be expressed as 


U=—0.68 (45.5) 


A 
U= T: (45.6) 
For various cases of interaction, A has the form: ASIE (ori- 
Wa 
entation effect), A, — ap? (polarisation effect), and A, — 0.68 hea. Yn 
2x Vm 


(dispersion effect). 

For an approximate comparative appraisal of these three effects, 
we calculate the values of A,, A,, and A, putting p= 10", 
a—10-24, n—8, and T=290°K. This calculation yields: 
A, =1.7 X 107”, A,— 1107", and A,—3 X 10". We thus 
see that even in the case of polar molecules the dispersion effect 
is comparable with the orientation eflect, while the polarisation 
eflect may, apparently, be ignored in all cases. 
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Van der Waals molecules. The negative sign of the potential of 
van der Waals forces (45.6) shows that all molecules mutually 
attract, irrespective of their chemical nature. However, in the case 
of saturated molecules or molecules that are not capable of estab- 
lishing a chemical bond between themselves, chemical forces of 
repulsion are superposed on the van der Waals forces of attraction. 
For this reason, the mutual potential energy of these molecules may 
be represented to a first approximation as the sum of two terms: 


U—U—A (45.7) 


where U, is the potential of repulsive forces (U, >0). Computa- 
tions of U, for H and He atoms show that in this case it can 
approximately be represented by an expo- 
nential function of the form 


U, — Be-& (45.8) 


where B and C are constants. Extending 
this expression to other atoms and mol- 
ecules, * we rewrite expression (45.7) 
in the form 


U—Be-6—4. (45.9) 


riom (45.9) it follows that as a result 
; of the superposition of the van der Waals 
PEL an atentialenergy force potential on the positive potential 
ecule of repulsive forces, the ordinary repul- 

sion curve can have a shallow minimum 

which will account for a certain stability in the associated, or, 
as it may be called (after J. Franck), van der Waals molecule. 
This type of potential-energy curve is shown in Fig. 118, which 
also gives the original repulsion curve and the curve of van der 
Waals potential (dashed). Diflerentiating U (45.9) with respect to r 
and equating the derivative to zero, we get an expression for 
determining the equilibrium distance r, between the atoms in a van 
der Waals molecule. Experimental and theoretical data show that 
r, is of the order of several Angstroms, which is several times 
greater than the equilibrium distance between atoms in ordinary 
molecules (see Sec. 48). Now the energy of dissociation of van der 
Waals molecules, which is equal to the distance of the minimum 
of the potential-energy curve from the axis r (Fig. 118), is usually 


* It may be noted that in addition to expression (45.8), U, is frequently 
represented as U, = B/r? or U, — B/r™, m>6. 
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measured in tens and hundreds, and sometimes even in thousands 
of cal/mol, which is from 100 to 1000 times less than the heats 
of dissociation of ordinary molecules. To illustrate. we give the 
values of r, and the heats of dissociation D of van der Waals 
molecules of neon, argon, and krypton: 

Element Ne Ar Kr 

ry, A i E . 

D, cal/mol 80 240 335 

The heats of dissociation of some van der Waals molecules have 
also been determined spectroscopically. Due to the low interaction 
energy of the atoms in diatomic van der Waals molecules, the energy 
levels of the latter difler but slightly from the levels of the 
respective atoms. For instance, in the case of potassium, Kuhn 
found weak absorption lines, which he attributed to van der Waals 
K, molecules. These bands are located near the atomic absorption 
lines at a distance of several Angstroms. Unlike the quasi-molecule 
spectrum (see p. 318), the bands of van der Waals molecules exhibit a 
line structure characteristic of stable molecules. Such bands are 
observed also in the case of the molecules Hg,, Cd,, Zn,, HeH, 
NeH, ArH, etc.; these bands are invariably associated with certain 
atomic lines, which is an indication of the proximity of the 
respective molecular and atomic energy levels. The 
heats of dissociation (determined from spectra) of the van der 
Waals molecules Hg, and Cd, came out to 1840 and 2000 cal/mol, 
respectively. 
We further point out the possibility of calculating the constant a 
in the van der Waals equation 
(p+) (v—b)=RT 
on the basis of the van der Waals force potential, Such calcula- 
tions were first carried out by Slater and Kirkwood for Ne, Ar, Kr, 
Xe, H,, N,, O, and CH,. The results of their calculations are 
given in Table 43, which also gives the directly measured values 
of a for comparison. It will be seen that the calculated values are 
in satisfactory agreement with the measured values. 
Table 43 


Calculated and measured values of the van der Waals constant 
for certain gases (in erg cm*) 


Gas | ne | ar | kr | x | a | um | o | cH 

| 
ax Ios (calc) 0.37 | 1.67 | 2.33 3.70 | 0.55 | 1.58 | 1.6 2.32 
a 10-** (meas) 791 | 1:99 | 2:07 | 3.86 | 0.20 | 1.34 | 1.49 | 2.28 
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It may also be noted that attempts were made to connect the 
mutual influence of separate atomic groups in the molecule with 
their van der Waals attraction. 


Sec. 46. Dipole Moments of Molecules 


The presence of a permanent dipole moment in a molecule is the 
result either of a diflerence im electrical properties or of a certain 
asymmetry in the arrangement of the atoms in the molecule. All 
diatomic molecules consisting of different atoms have a dipole mo- 
ment, in contrast to the molecules H,, N,, O,, Cl,, etc., the dipole 
moments of which are zero. The bent shape oi the molecules, which 
upsets their symmetry, accounts for dipole moments in the mole- 
cules H,O, (CH,),O, (CH,),S, etc. The asymmetrical arrangement of 
atoms in the linear molecule of nitrogen oxide NNO is likewise the 
cause of the finite value of its dipole moment. We thus have a 
direct relationship between the dipole moment of a molecule and 
its geometrical structure; hence the great importance of measuring 
dipole moments for determining molecular structure. 

Measuring dipole moments. The experimental determination of 
dipole moments has, until just recently, been based exclusively 
on measurements of molar polarisation and molar refraction, i.e., 
ultimately, on measurements oi the dielectric constant and the index 
of refraction of the substance under study. 

In the case of a nonpolar gas (zero molecular dipole moment), 
molar polarisation is entirely due to molar polarisability in an 
electric field; polarisability is characterised by the polarisation 
coefficient o. Between œ and the dielectric constant of the medium e 
there is a unique relationship expressed by the Clausius-Mossotti 
equation (44.2): 


on the basis of which the coefficient œ may be obtained from 
measurements of e. 

However, this equation does not suit the case of a polar gas 
because in addition to polarisation of molecules in an electric field 
we have to take into account the orientation of dipoles with respect 
to the field direction. Disregarding thermal motion, we will have, 
for the molar polarisation contributed by each molecule, a magni- 
tude equal to its dipole moment p (plus the induced dipole moment 
due to polarisation of the molecule in an electric field). In reality, 
however, the thermal motion disorients the molecular dipoles that 
tend to align with the field. As a result we measure a certain 
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. eflective value of the dipole-moment projection of the molecules on 
the field direction. 

In the molecular theory of paramagnetism (Sec. 47), too, we 
shall encounter a similar phenomenon: the orienting action of the 
field and — its opposite — the disorienting action of thermal motion. 
In this theory classical concepts yield the following expression for 
the average projection of the magnetic moment of the molecule on 
the field direction: p’==p?/3kT (for the field intensity H= 1). 
Insofar as quantum eflects are inessential for orientation of molecu- 
lar dipoles in an electric field, this expression may be applied in 
full to the case of dipoles; for this we rewrite it in the form 

2 


RUE) / 
P= 3kT (46.1) 


where p’ denotes the average value of the dipole-moment projection 
of the molecule on the direction of the electric field. Substituting 
into (44.2) the sum p'--« in place of a, we get the following 
expression for the molar polarisation of a polar gas: 


—e—IM__ 4n p? 
piit s Na (atar) (46.2) 
This expression was first derived by Debye and is called the Debye 


equation. 

The Debye equation serves as the basis for one of the methods 
of determining dipole moments. By measuring the dielectric constant 
of a given substance at different temperatures, the results of these 
measurements (according to equation (46.2)) may be represented 


graphically as a straight line P==a-- E (in coordinates P and 1/T). 


The magnitude ot the moment is determined from the angle of 
inclination of this line to the axis 1/T, the tangent of which is 


p= 0.0127 V b X 10-™ absolute unit. (46.3) 


In the particular case of p=0, the dielectric constant (like the 
polarisation P) is independent of temperature; in this case, the 
straight line P =a is parallel to the abscissa axis. Dipole moments 
are customarily expressed in debyes, 1 debye= 10-** absolute unit. 

The accuracy of measurement of the dipole moment by means 
of the foregoing method is determined by the precision with which 


the angle of inclination of the straight line P=a 4? is found. 


Whence it follows that to obtain accurate results it is necessary to 
perform the measurements in a sufficiently broad temperature inter- 
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val; in a number of cases this involves considerable experimental 
difficulties. Besides, temperature variations may involve changes 
in the substance under study (processes of dissociation and associa- 
iion, etc.) which distort the measurement results. For this reason, 
one often resorts to another method that permits measuring the 
dipole moment at a constant temperature. It consists in the simul- 
taneous measurement of molar polarisation and molar refraction 
expressed by the Lorents-Lorenz relation (44.3): 


r—l M, 4x 
Hop cg ae 
From (46.2) and (44.3) it follows that 
Ax NA 
PER gu 


or 
p— 0.0127 V P — R) TX 107'* absolute unit. (46.4) 


Thus, by measuring the index of refraction of the given substance 
and its dielectric constant for a certain (constant) temperature, we 
find the appropriate values of molar refraction and molar polarisa- 
lion, substitution of which into (46.4) gives p. ; 

In addition to the above-considered two methods, a new experi- 
mental method has in recent years been successfully employed to 
determine dipole moments; it is based on measurements of micro- 
wave radio-frequency spectra, which ordinarily are rotational (less 
frequently rotation-vibrational) spectra. In an electric field, the 
individual rotational lines are displaced relative to their position 
in the spectrum in the absence of an electric field because of 
displacement and splitting oi the energy levels of the molecule, 
and there appear new lines associated with transitions between 
components of electrical splitting of the rotational levels. In this 
process, the frequencies of lines observed in the presence of an 
electric field are dependent upon the field intensity and the electric: 
moment of the molecule. Frequency measurements of the microwave 
spectra of molecules in an electric field as a function of the field 
intensity enable us to determine dipole moments. 

The advantages of the microwave method over other methods of 
measuring dipole moments are its high accuracy and sensitivity, 
which makes measurements possible with small quantities of material. 
The latter is especially significant in the case of low-volatile 
substances whose dipole moments either could not at all be deter-. 
mined by the old methods (because it was impossible to measure 
the dielectric constant and index of refraction of these substances 
due to the low vapour pressure) or could be measured only in 
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a solution, which frequently entails errors caused by interaction 
of the molecules of the substance under study with the solvent. 
This interaction distorted the dipole moment. It may be noted 
that the microwave method (in a modification of it consisting of 
measurements in a molecular beam and closely resembling the 
magneto-resonance method, see p. 295) was used to measure the 
dipole moments of the molecules of such low-volatile substances 
as the halogen salts of alkaline elements (see Table 27, p. 282). 

All the foregoing methods of determining dipole moments yield 
the moment of the molecule as a whole. Yet of particular interest 
in clarifying the various peculiarities of molecular structure— 
distribution of electron density in the molecule, the character of 
intramolecular bonds, the mutual interaction of the atoms, and the 
reactivity of the molecule—are the dipole moments of individual 
bonds in the molecule. In certain cases the latter may be evaluated 
on the basis of a vector dipole model of the molecule (see below). 
This evaluation, however, is extremely crude. 

An experimental method for determining the dipole moments 
of intramolecular bonds has been proposed by Mecke (already men- 
tioned on p. 369); it consists in measuring the intensities of infrared 
vibrational spectra. According to quantum mechanics, the intensity 
of the absorption band that corresponds to the transition yv 
(v and v' are vibrational quantum numbers) is determined by the 
square of the respective quasi-moment Myy (see p. 387) which may 
be expressed as follows: 


il [eese 
MOI dy MÀ M —. 46.5 
| CE | aL f apyl? dr T [by P dr f ) 


Here, (p dv is the area of the absorption band (p, is the absorp- 
tion coefficient and v is the frequency), apy (r) and Ypy (r) are wave 
functions that correspond to the combining vibrational states of the 
molecule, and p is the electric moment oi the chemical bond 
whose valence vibrations give rise to the given absorption band. It 
is thus fundamentally possible to determine the electric. moment 
of the bonds from the experimentally measured area of the appro- 
priate absorption band, on the condition that we know the wave 
functions py (r) and pw (r) and the variation of the dipole transi- 
tion moment versus the interatomic distance r, i.e., the form of the 
function p (r). 

The wave functions can be found by solving the wave equation 
for normal vibrations of the molecule. The question of the depend- 
ence of p upon r requires special investigation and at the present 
stage of development of quantum chemistry can, apparently, be 
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solved only semi-empirically, i.e, by correlating the computed 
values of the dipole moment (on the assumption of a certain p-r 
relationship) with the directly measured values of the moments of 
the simplest molecules (including diatomic). The presently available 
experimental data are insufficient to decide on the fitness of such 
an assumption and on the possibility of representing the p(r) rela- 
tion in various molecules by means of a function of some one 
type. We may note that Mecke, in development of this view, 
recently proposed an empirical formula that represents the dipole 
transition: moment as a sum of the ionic, polar, and inductive 
components. 

From measurements of intensities in the infrared spectra of HCl, 
H,O, and CHCI, Mecke calculated the values of the dipole mo- 
ments of the bonds CI—H, O—H, and C—H. In this way, a number 
of workers have also determined the moments of the C—F and 
Si—F bonds in CF, and SiF,, respectively, the moments of C—H 
and C—D bonds in C,H, and in C,D,, and others. 

A vector dipole model of a molecule.* Table 44 gives the 
measurements of the dipole moments of a number of simple mole- 

cules, and can serve as a ba- 
Table 44 sis for certain definite conclu- 

Molecular dipole moments (in debyes) sions regarding the structure of 

these molecules. For instance, 


iere 3 Moigcate P by comparing the dipole mo- 

ments of type AB, triatomic 

molecules we conclude that 
H,O 1.84 CO, 0 the molecules H,O, H,S, SO, 
pi Dun e y are triangular, in contradistinc- 
NH, 1:46 ccr 0 tion to the molecules CO, 
PH, 0:55 PCI; 0 and CS,, p which we should 
sH, : THE 0 assign a linear structure due 
(CEPS ES Gh to p=0. This is in complete 
(CHICO | 9:73 Cu 0 agreement with all other data 

relating to these molecules. 


Further, the presence of a di- 


j pole moment different from zero 
in the case of the molecules NH,, PH,, AsH,, and (C,H,),N ex- 
cludes a planar structure and compels us to ‘assign io them the 
structure of a trihedral pyramid. The fact that CH, and CCl, have 
zero dipole moments is equally compatible with a symmetrical planar 

` structure and with a tetrahedral structure. However, the entire 
assemblage of data referring primarily to the optical and electrical 


. .* The theory given here is simplified; it does not take i f 
instance, the atomic dipole moments (see p. 462). RS e 
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properties of the CH, and CCI, molecules is in favour of a tetra- 
hedral structure. Further, the C,H, molecule is symmetrically planar 
and the C,H,, C,H,, and C,H, molecules are symmetrical, and the 
latter one is linear. Since the dipole moment of (CH,),O is different 
from zero, we must assign to it a triangular structure. The fact that 
the dipole moment, of (CH,),CO is different from zero and also the 
fact of directed carbon valences compel us to assign to it the 
structure 


It is interesting to note that unlike PCl, the dipole moment 
of BrF, is not zero but 1.51 debyes. Whence we can conclude that 
the BrF, molecule has the shape oi a square prism, whereas PCI, 
is a symmetrical trigonal bipyramid. A study of isotope exchange 
between PCI, and Cl, shows that of the five chlorine atoms in PCI, 
three are most readily exchangeable. In the molecule, these three 
occupy an equatorial position, We thus see that the five P—Cl 
bonds in PCI, are not equivalent. 

As has already been pointed out, all diatomic molecules con- 
sisting of different atoms are polar, i.e., they have a finite dipole 
moment. Such, for example, are NO (0.16), CO (0.11), HCl (1.04), 
HBr (0.79), HI (0.38), ICI (0.50), OH (1.54 debyes), etc.* This 
compels us to assign a definite moment to each pair of directly 
bound atoms in a molecule or to each intramolecular bond, on the 
condition that the atoms are different or are in different valence 


To illustrate, let us consider the CH, molecule. Undoubtedly, 
each of the four C—H bonds of this molecule has a certain dipole 
moment different from zero. However, due to the symmetrical tetra- 
hedral structure of the methane molecule, the moments of the indi- 
vidual bonds are mutually compensated. Indeed, if the moments of 
the C—H (P) bonds are directed along these bonds, as is shown in 
Fig. 119, we get, for the sum of the projections of the three 
moments on the direction of the fourth, 3P cos (HCH) — P. (because 
cos (HCH) — cos 109*28' = 1/3). Thus, the three moments of the 
C—H bond in the CH, molecule are completely compensated for 
by the fourth. 

* An approximate quantum-mechanical calculation gives 1.97 debyes for the 


dipole moment of the CH molecule (radical). From this calculation it also follows 
that the ?II state (near which is the ?X state) is the ground state of CH. ` 
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If we replace one of the H atoms in the CH, molecule with 
some other univalent atom or radical, for instance, the Cl atom, 
we violate the internal compensation of moments of bonds, and the 
molecule as a whole (the CH,Cl molecule in the given instance) 

will acquire a finite dipole moment. 

obviously equal to the geometrical sum 

of moments of the individual bonds. 

The vector concept of the moments 

of bonds, or the vector dipole model 

of a molecule, which was first intro- 

SN duced by J. J. Thomson, is very im- 

Le M portant in elucidating the structural 
peculiarities of molecules. 

Measurements of the dipole moments 

Fig. 119. Vector dipole model of different molecules permit of the con- 

of CH, molecule clusion that in a large number of mol- 

ecules the dipole moments correspond- 

ing to the bond of a given pair of atoms remain approximately 

unchanged. For example, if on the basis of the vector model 

we represent the dipole moment of the waler molecule as 


2Pou cos. (HOH) = 2Pon cos 52°30’, where Poy is the moment 


of the O—H bond, we find Pon — 1.51 debyes. Further, from 
the dipole moment of dimethyl ester (1.30 debyes), which we rep- 


resent as 2Pocu, cos 4 (H, COCH,) — 2Pocn, cos 55°30’, we get 


Pocu,— 1.15 debyes. Taking advantage of these values of the mo- 
ments of Pon and Pocu, we can find the dipole moment of the 
methyl alcohol molecule CH,OH. Calculating the latter as the sum 


Pon cos + (HOCH,) + Pocn, cos + (HOCH,) = (1.51 + 1.15) cos 54°, 


we get 1.57 debyes in place of the directly measured 1.67 debyes. 

A comparison of the dipole moments of different alcohols shows 
that the difference in dipole moments of the C — C,H,,,, bonds is 
not significant. Indeed, from Table 45, which gives the values of 
the dipole moments of a number of normal alcohols, it is seen 
that despite the great diversity of alkyl radicals R = C,H,,,,, the 
dipole moments of homologous alcohols differ but slightly from one 
another, ranging between 1.60 and 1.70 debyes. A comparison of 
the dipole moments of the compounds of other classes leads to an 
analogous conclusion. For example, the dipole moments of ketones 
of various structure exhibit a surprising constancy which again 
provides evidence for the small diflerence in dipole moments of 
C—C,H bonds. 


an-+a 
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Table 45 
Dipole moments of alcohols (in debyes) 

Alcohol | p Alcohol p 
Methyl CH,OH 1.66 Octyl C,H,,0H 1.62 
Ethyl C,H,OH 1.70 Nonyl C,H,,0H 1.60 
Propyl C,H,OH 1.66 Decyl C,,H,,OH 1.63 
Butyl C,H,OH 1.66 Undecyl C,,H,,OH 1.66 
Hexyl C,H,,0H We Duodecyl C;,H,,0H 1.62 


Let us now consider the dipole moments of the ortho-, meta-, 
and para-dichlorobenzene. Their structural formulas and measured 
values of dipole moments are: 


ortho meta $ para 
CL pao CL cl 
£u k 
" 120 
CL 
CL 
2.27 1.48 0 


Expressing the dipole moment of chlorobenzene C,H,Cl as the 
sum Po,u.ci — Pc-a t Pc- n where Pc-ci and Pc-n are, respec- 
tively, the dipole moments of C—Cl and C—H bonds in the C,H,CI 
molecule, and calculating the dipole moments of the three dichloro- 
benzenes from their vector models, we obtain: Porno — 2 (Pc - c1 
-FPc-u) c0s30°, Pu —2(Pc -cı -Pc - n) cos 60°, and  Pj4,— 
—2 (Pc - ai -]- Pc- n) cos 90°. Introducing the experimental values of 


the C,H,CI moment, Pe-c + Pc-u = 1.55 debyes, cos 30° — ie 4 


cos 60° = — + , and cos90* — 0, we get Porno = 2.68, Pmeta = 1:55, 


and P,,,, — 0 debyes. Comparing these with the observed values we 
see saüislactory agreement with experiment. One cannot expect 
exact quantitative agreement (with experiment) of the results of 
such calculation because the Cl atoms that replace the H atoms in 
the benzene ring deform the hydrocarbon core. The magnitude of 
this deformation is determined both by the properties of the latter 
and by the electrical properties of the substituting atom. In addi- 
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particularly in the ortho form where these atoms are closer together, 
the angle. between the respective bonds cannot be considered as 
exactly equal to 60°. However, the possibility of an approximate 
calculation of the dipole moments of complex molecules on the 
basis of their vector models shows that in most cases these effects 
are comparatively slight. 

Let us also consider the following examples. Below we give the 
values of the dipole moments and the positions of the substituting 
atoms or groups for the following derivatives of benzene: 


Bromobenzene Nitrobenzene Parabromonitrobenzene 
Br NO, NO, 
S | | 
| | ZAN AN 

Se | |] 
1.52 N So 
3.96 | 

Br 
2.60 
Aniline Parabromoaniline 

N 1, NH, 

| 
bs () 
S 

1:53 "YA 

Br 

2.91 


Pre Wis dipole moments of the three monosubstituted 
compounds of benzene as the corresponding sum Po,H,Br == Pc -Br 

-FPc-un, PcuNo,—Pc-wo,--Pc-nu, and ERAT 
--Pc-nu, from the two first sums we obtain for the dipole moment 
of parabromonitrobenzene: Pwo,c,t.8r = Pc - No, -+ Pc -u — Pc - nr 

—Pc-n—3.96 — 1.52 — 2.44 debyes. This value is in fair agree- 
ment with the measured value, 2.60 debyes. Similar calculation of the 
parabromoaniline dipole moment gives Pyu,c,H,pr = 1.53—1.52—90.01 
whereas the experimental value is 2.91 debyes. It seems possible 
to eliminate this discrepancy by assuming that the Pc_y moments 
in C,H,Br and C,H,NH,, as well as the Pc. wu, and Pc. s, mo- 
ments for parabromoaniline, have different signs, whence it follows, 
in good agreement with experiment, that Pnu,c,H.8r — Peu, + 
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-LPcug: = Penn, — Pe-n + Poser + Pe-1 = 1.53 + 1.52 = 
=3.05 debyes. 
The vector dipole model of a molecule is again useful in explain- 
ing the peculiarities of the electrical properties of substances that 
have isomeric cis and trans forms. Such, for instance, are the 
disubstituted derivatives of ethylene, an example of which is 
HO /a 
dichloroethylene. In the trans form Jn the moments of 
d MH 


the individual bonds are mutually compensated, as a result of which 
ihe dipole moment of the molecule is zero. In the cis form 


H 
Secca this compensation is absent, and the molecule gets 
c Ni 

a finite dipole moment. The dipole moments are thus a sensitive 
criterion for determining the structure of a given isomer and for 
distinguishing individual isomers. In the foregoing case of dichlo- 
roethylene we have the moments 1.80 and 0 for the cis and trans 
forms. The third isomer, asymmetric dichloroethylene, with the 


l 
structure Scoacd very sharply differs from the first two, 
H^ c 


having a dipole moment of 1.18 debyes. 

Calculations of dipole moments on the basis of the vector dipole 
model oi the molecule show that in some cases the calculated 
results are close to the observed values, while in other cases the 
discrepancies are rather considerable. The cause may be sought in 
the mutual influence of atoms or atomic groups, which influence 
distorts the total moment and may be due both to changes in the 
valence angles and to the mutual polarisation of polar groups and 
of the hydrocarbon core. An instance of a molecule where a sub- 
stantial discrepancy between the calculated and measured moment 
should be due mainly to the effect of secondary polarisation is that 
of paranitroaniliine NO,C,H,NH,. Computing the dipole moment of 
this molecule as the sum oi moments corresponding to the bonds 
O,N—C and H,N—C, we get 3.96 + 1.53 — 5.49 debyes, whereas 
measurements yield 6.2 debyes. Despite the para position of the 
NO, and NH, groups (when both substituted groups are at greatest 
separation), the discrepancy between the calculated and measured 
values of the moment is rather great; this may be due to the strong 
inductive eflect of the substituting groups. Experiment shows that 
this influence is particularly great when the substituting groups have 
radically different electrical properties (this likewise occurs in the 
case of NO, and NH,) and also when the polarisabilities of these 


groups are great. 
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Moreover, it has recently been demonstrated that very often the 
main part of the electric dipole moment is due (as, lor instance, in the 
molecules H,O and NH,) to unshared pairs of electrons of the 
component atoms of the molecule (atomic dipole moments). This 
still more limits the possibility of assigning definite dipole moments 
to individual bonds in the molecules of different compounds. In 
general, investigation into the role of atomic dipole moments has 
led to a complete revision of all the material on dipole moments 
of bonds and has actually made it impossible to construct a quan- 
titative vector model of molecules without account of atomic dipole 
moments. 

Especially big changes in the dipole moments are observed in 
the formation of certain molecular complexes. For example, the 
complexes of tin tetrachloride SnCl,-(C,H,),O and SnCl,-C,H,C 
have dipole moments of 3.6 and 6.7 debyes, whereas the dipole 
moments of (C,H,),O, C,H,CN, and SnCl, are 1.1, 3.9, and 0 debyes, 
respectively. Similarly, the complexes of aluminium trichloride 
AICI,-(C,H,),O, AICI,-C,H,NH,, and AICI,-C,H,NO, have dipole 
moments 6.7, 6.9, and 9.3 debyes, and the dipole moments of 
C,H,NH,, C,H,NO,, and AICI, are 1.5, 3.9, and O debyes. Here, 
the changes in the dipole moments can no longer be accounted 
for by simple deformation of molecules and are a reliable indica- 
tion of chemical bonds between the molecules forming the given 
complex. 

Summarising the foregoing with respect to vector addition of 
dipole moments of individual bonds in molecules, we can state 
that the vector model method is not always reliable quantitatively. 
However, as a qualitative method it is very important, for it sim- 
plifies orientation in the experimental material and systematisation. 
It also helps to clarify the structural peculiarities of molecules 
precisely in those cases when there is a very great discrepancy 
between the calculated and measured values. 

Dipole moments and free rotation of polar groups. A substan- 
tial supplement to the static molecular vector model is the concept 
of free rotation of the component polar groups that are connected 
with the remainder of the molecule by simple valence linkage. To 
illustrate this type of molecule we take the simplest case, H,O,, 
hydrogen peroxide. One of the most probable structures of this 
molecule is that of a trapezium (Fig. 120a), which in free rotation 
passes into the shape depicted in Fig. 120b. 

Given free rotation, the dipole moment of H,O, may be calculat- 
ed as follows. Designating the moment of the O—H bond by p 
and the angle that it forms with the axis of the molecule 
(—O—O—) by 9, we will have, for the momentary value of the 
moment of the molecule, 2p sin9cosq/2, where @ is the angle 
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between the planes —O—O—H. In the case of free rotation, all 
values of angle @ are equally probable, whence for the average 
square of the effective moment of the molecule we get 


ysis gu 
P? =A] (2P sin 9 cos $) dg = 2p' sin? 9, 
° 


that is, 
P—V 2psind. (46.6) 


Assuming the moment of the O—H (p) bond in the H,O, mole- 
cule to be equal to that which we calculated earlier (p. 458) for 
this bond in the H,O molecule, p= 1.51 debyes, and the angle 


aj 6) H 
Fig. 120. Two forms of H,O, molecule 


between the bonds —O—O— and O—H equal to the valence 
angle in H,O, Z (HOH) = 105°, we get 2.06 debyes from (46.6) 
for the dipole moment of the hydrogen peroxide molecule, whereas 
the measured value of this quantity is 2.26 debyes. The satisfac- 
tory. agreement of both values is a weighty argument in favour of 
ihe accepted structure of the H,O, molecule. 

Like the H,O, molecule, nonzero dipole moments are found in 
the parasubstitutes of benzene in which the dipole moments of 
the substituting groups form a certain nonzero angle (due to direct- 
ed valence) with the axis of the benzene nucleus (such groups are 
called irregular in contrast to regu/ar groups, the moments of 
which are parallel to the axis of the nucleus). Such molecules, for 
instance, are those of hydroquinone HOC,H,OH (P = 2.47 debyes) 
and para-diaminobenzene H,NC,H,NH, (P —1.55 debyes. But 
the dipole moment of the disubstitutes of benzene with regular 
substituents, for example, parax ylene H,CC,H,CH,, paradinitro- 
benzene O,NC,H,NO,, paradichlorobenzene CIC,H,CI, is zero. 

Let us now consider molecules of the XH,C—CH,X type 
which can exist in two isomeric forms, cis and trans; in the cis 
form the C — X bonds form an angle of 180°00’ — 109°30' = 70°30’ 
for strictly tetrahedrally directed valences of the C atom, while 
in the trans form both bonds lie in the same plane forming an 


464 ELECTRICAL AND MAGNETIC PROPERTIES [Ch. 9 


angle of 180°. For this reason, the cis form should have a finite 

dipole moment, whereas this moment in the trans form should be 

zero. In the case of free rotation of CH,X groups about the C — C 

bond (axis of the molecule) one form is constantly passing into - 
the other, and the difference between the two isomers is actually 

obliterated. 

The dipole moment of a molecule of this type (if there is free 
rotation) is expressed by equation (46.6). Assuming that it is 
determined by the moments of the C— X bond, we will have, 
for the cis form, 

P — 2p sin bcos 30? — V/3 p sind. 

Substituting into this. formula and into (46.6) p=1.5 
(X=Cl) and 6==70°30’, we find for the cis form P — 2.45 de- 
byes and for the freely rotating form P— 2.00 debyes, whereas 
the measured dipole moment of the 1,2-C,H,Cl, molecule turns 
out slightly in excess of 1 debye, i.e., considerably less than the 
calculated values. To account for this discrepancy (on the assump- 
tion that the formulas used for P are sufficiently accurate) we 
have to assume that at room temperature (at which the measured 
value of the dipole moment of dichloroethane was obtained) there 
is no free rotation and we have a combination of cis and trans 
lorms. This assumption is confirmed by the observed temperature 
dependence of the dipole moment: for a rise of temperature from 305? 
to 554°K the measurements yield an increase from 1.12 to 1.54 
debyes. The fact that the temperature coefficient is positive indicates 
that the nonpolar trans form has less energy than the cis form 
and the freely rotating form, as a result of which the equilibrium 
is displaced towards the latter when we have a rise in temperature. 

The difficulty of free rotation, which is established on the basis 
of the temperature dependence of the dipole moment of dichloro- 
ethane, is due to the fact that (as in all similar cases as well) two 
(or more) isomeric modifications are separated by an energy poten- 
tial barrier. For a sufficiently high barrier the molecule in each 
state (for instance, cis or trans) can perform only torsional oscilla- 
tions about the equilibrium position, the amplitude of which in- 
creases with the temperature. With increasing temperature, these os- 
cillations pass into free rotation; from calculations by Meyer it 
follows that the latter is practically realised on the condition 


AU< AKT (AU is. the barrier height). 
The temperature dependence of the dipole moment has also been 
established in the case of dibromoethane BrH,C — CH,Br, chloro- 


bromoethane CIH,C — CH,Br, diacetyl H,COC — COCH,, etc. In a 
number of cases, on the basis of an approximate coincidence of 
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calculated (on the assumption of free rotation) and measured dipole 
moments we can draw the conclusion that there is free rotation 
for individual substituting groups even at room temperature. Such, 
for instance, are the groups OH, CH,, NH, in the disubstituted 
derivatives of benzene. In a number of cases, free rotation has 
also been established on the basis of measurements of heat capacity, 
the Kerr constant, and electrono- and roentgenographic studies. 


47. Magnetic Properties of Molecules 


Diamagnetism. The magnetic moment of an atom or molecule 
is equal to the geometrical sum of the moments of all electrons in 
the atom or molecule. In a particular case, as the result of mutual 
compensation of the components of moments, the total moment of 


A gas consisting of such atoms or molecules will be diamagnetic. 
Such are the inert gases He, Ne, Ar, Kr, and Xe, and also H,, 
N,, CO, H,O, CO,, CH,, C,H,, and many other gases. Otherwise, 
that is, if the atoms or molecules have a magnetic moment, the 
gas is paramagnetic. 5 

Diamagnelic bodies have negative magnetic susceptibility; this 
is seen in the repulsion experienced by diamagnetics when intro- 
duced into a magnetic field. A pictorial interpretation of the dia- 
magnetic properties of gases may be obtained by the Bohr theory. 

From the standpoint of mechanics an electron revolving in orbit 
is like a top. The stability of a top whose axis of rotation forms 
a certain angle with the vertical (direction of the force of gravity) 
is due to the precessional motion of the top’s axis about the ver- 
tical. The electron orbit follows the same precessional motion about 
the direction of a magnetic field due to magnetic forces (Larmor 
precession). Given orbital precession, an electron will experience, in 
addition to a magnetic force 

fu—elv X H]=evH sin (v, H) 


(v is the electron orbital velocity, H is the magnetic field inten- 
sity), the direction of which is perpendicular to the plane v, H, 
also a Coriolis force 

ics — 2m |v X o] = 2mvo sin (v, 0) 


(o is the angular velocity of precession). Since vector o is parallel 
io vector H, the forces fy and fcor are also parallel. Besides these 
two forces, the electron experiences an additional centrifugal force 
proportional to o?. However, since the angular velocity of the 
electron o is much greater than that of precession (in ordinary 
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magnetic fields), the centrifugal force may be disregarded in com- 
parison with the first two forces. The equilibrium condition of 
these forces, which is the condition of stability of motion, has the 
form f= fn -+fcor=0, whence for the angular velocity of preces- 
sion we have 


0—— S.H. (47.1) 


to|- 


The Larmor precession gives rise to an induced magnetic moment 
that may be calculated in the same way as we earlier (p. 162) calcu- 
lated the orbital magnetic moment. Representing a current equiva- 
lent to a precessing orbit in the form i—eo/2x and the area over 
which this current flows, in the form S — sr", where r' is the pro- 
jection of the mean orbital radius on the plane perpendicular to 
ihe field direction, we get the following expression for the sought- 
for induced moment Ap: 


Apccis—— gp et (47.2) 

Accordingly, for the atom or molecule with N electrons we have 
gu. oui 

Nga re (47.3) 


Assuming that all orientations of the orbit to the field direction 
are equally probable, it can be readily shown that r^ is connected 
with the mean square of the orbital radius r° by the relation 


je gt whence it follows that 


N 
Asc (47.4) 


In the case of atoms and molecules with compensated electron 
moments, Aw obviously expresses at the same time also the total 
magnetic moment. In this case, multiplying Au by the Avogadro 
number Na and dividing by H, we get the following expression 
lor the molecular susceptibility y: 

eN 
1=— ae Di (47.5) 


The negative value of magnetic susceptibility points to a diamag- 
netic effect. Further, in accordance with the empirical regularities 
established by P. Curie, it follows from expression (47.5) that the 
diamagnetic susceptibility is independent of the temperature and 
also (to the extent that the sum Xr? retains its value) of the ag- 
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gregate state of the substance. It may be added that Yr? ordinarily 
turns out but slightly dependent on the chemical transformations 
experienced by the atoms. 

As follows from the foregoing reasoning, the magnitude and sign 
of the induced moment are independent of the presence or absence 
of a permanent moment in the molecule. The diamagnetic effect is, 
therefore, equally peculiar to dia- and paramagnetic gases. However, 


to the much stronger paramagnetic effect. 

Paramagnetism. Underlying modern views on the nature of para- 
magnetism is the classical theory of Langevin, which treats the 
paramagnetic effect as the result oi a simultaneous orienting action 
of the field and a disorienting action of molecular thermal motion. 
Designating the permanent magnetic moment of a molecule by p, 
we will have, for the equilibrium number of molecules, the magnet- 


ic axes of which form the angle oT with the field direction, 
pH cos § 


dn=2nNe *' sin 0dd 


where pH cos 9 is the magnetic energy of the molecule, Calculating 
the average value of the projection of moment on the field direction 
u^ (on the assumption that all angles are equally possible) from the 
equation 


7 pH cos 8 
fe kT cos 9 sin 0 dv 
f p cos dn 
p= HoH cos 8 
| an fe kT sin Odd 


o 


which, for uH «£kT (this is practically always the case), reduces to 


{cost Osin Odd 
0 


7S t =H cos 0 (47.6) 


T 


f sin 0d0 


we find d A 
wp eH? 
ECC T (47.7) 
Multiplying w by the Avogadro number and dividing by H, we 
obtain for the molecular paramagnetic susceptibility 


2N 
Ed. as) 
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Equation (47.8) expresses the well-known Curie law, according to 
which the magnetic susceptibility of a paramagnetic gas is in- 
versely proportional to its absolute temperature. 

A weak point in the classical theory oi paramagnetism is the as- 
sumption of equal possibility of all angles 0. In reality, however, 
due to the space quantisation of atomic (molecular) elementary 
magnets in a magnetic field, the projections of the magnetic mo- 
ment of molecules on the field direction take on discrete values 
that correspond to definite discrete values of the angle 0. 

In accord with this quantisation of angle 9, and, consequently, 
of cos, there should also be a change in the average value of p’, 
because cos*ü in expression (47.6) will no longer be equal to 1/3. 
Inasmuch as the projection of the magnetic moment on the field 
direction in the Bohr theory is expressed by the formula p/— ug m; 
(us is the Bohr magneton), and the quantum number m, takes on 
the values 0, +1, ..., +(n,— 1), tn, ie, a total of 2n,--1 
values (n, is the Bohr azimuthal quantum number), by calculating 
the average value of cos* 9 from the formula 


1 "to 2(I-4-2!-...-Enf) | 
cott = ——— — — M'mi— = een, 
= (2n, Tn = mg (n, +1) nt 3n, 


end substituting it into equality (47.6), we get 


W. ltn 


u n, 3kT 


whence, due to p—psn, we find 


oe Cork aH (47.9) 


ae for the magnetic susceptibility we get, in place of 
(47.8), 


wN. ie (Me 4-1 € 
yah eod ) iN =< (47.10) 


We further refine the theory by calculating the average projectiori 
of the magnetic moment on the direction of the magnetic field on 
the basis of quantum mechanics. Proceeding from the quantum-me- 
chanical expression of n'— gmpg (30.3), for the square of p’ that 
enters into expression (47.6), which we rewrite as 

Ev Ho cua 
BT 
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we obtain 
$m J(J +1) 
E E EE 2 
We BÉ Bora gemaayer LP 
and, hence, 
=> guam! 
p —E EY iH. (47.11) 
Whence for the paramagnetic susceptibility y we find 
wN guh NA 
e Wp lal F 
x= a = a J(J+1) (47.12) 


This expression is in excellent agreement with experiment. 
Comparing expressions (47.12) and (47.10), we can readily dem- 


onstrate that for large n, (because of ieee and Jalit 


(47.10) passes into the exact expression (47.12). 

Let us examine in more detail the paramagnetic susceptibility 
of molecules. The quantum states of the latter, if they belong to 
Hund’s cases a and b (see p. 327) to which we will confine ourselves 
here, are defined by the quantum nuinbers A and X (or S). The 
simplest case is the term 'y which corresponds to the ground state 
of a large number of molecules. Here, since A —0 and S—0, the 
magnetic moment is zero, as a result of which all molecules in the 
1X state are diamagnetic. 

The spin in molecules in states 35, CY, ... , imparts paramagnet- 
ic properties. Such, for example, are the molecules O, and S,, the 
principal term of which is °}. For the projection of the magnetic 
moment of the molecule on the field direction in the case of mole- 
cules in X-states, we have p' — 2mtip, where m takes on the values 
m= xS, £($— 1), ... In the case of molecules O, and S,, S=1 
(*X) and the maximum projection is 24B, Studies of the Stern-Ger- 
lach effect in O, and S, yield experimental confirmation of this 
conclusion. 

Measurements of the paramagnetic susceptibility of oxygen lead 
io the same coincidence of theory and experiment, To calculate this 
susceptibility in the case of molecular X-terms, we can make use of 
(47.12), putting J-S-—1 and g—2. In this way we get the for- 


cs 
mula m Na, from which for the specific susceptibility of oxy- 
gen (susceptibility of 1 cm? of gas) at 760 mm Hg and 20°C, we 


set 0.142 X 107*, whereas measurements under the same conditions 


X 
yield (0.1447 to 0.1434) X 107°. 
In the general case of a molecular term with no 


the projection of magnetic moment of the molecu 


nzero A and S 
le on the field 


16 —3038 
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direction is expressed by the formula 


w =p (2X 4- A) cos 9 (47.13) 
where 9 is the angle formed by the axis of the molecule with the 
direction of the magnetic field H. The average value of w in this 


case is 
ae 2 93 2 
w= ug (29 + A) H 
3kT 


whence for the molecular paramagnetic susceptibility we find 


2 (9v d 
=B CHA Na. 


x 3kT 


(47.14) 
Strictly speaking, this equation is applicable to terms for which 
Strong interaction (S, A) is characteristic. And since the latter de- 
lermines also the magnitude of multiple splitting of a term (natu- 
ral splitting), we can. take the following inequality for the criterion 
of applicability of (47.14): 
hAv, >kT 


where Av, is the width of the multiplet. 

But when hAv, « kT, i.e., when the interaction energy between 
the spin and the A vector is small compared with the mean thermal 
energy, the spin, to a first approximation, may be regarded as a 
free vector. In this case, we obtain the magnetic susceptibility as 
the sum of the expressions 


2 
L ABSGED yy 
3kT 


and (47.14), putting 20 in the latter, i.e., 
Tm 
x= gejl4S (S+ 1) -- A*] N4. (47.15) 


All the foregoing cases have referred to isolated molecular terms. 
Yet there may be cases when another term with different magnetic 
properties is adjacent to the given term. Such, for instance, is the 
case of the NO molecule, the principal term of which is *II. Here, 
the magnetic susceptibility is determined by the components *II, 
and *IL;, of term IL, which possesses different magnetic properties; 
moreover, due to different population of the terms "Thy, and ?IL;, 
Tor different temperatures, the temperature dependence of the sus- 
ceptibility no longer follows the Curie law. The magnetic suscepti- 

bility of NO as a function of temperature was calculated by van 
' Vleck on the basis of the Boltzmann distribution of molecules be- 
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tween the levels *IL;, and *IIy,. The formula he derived is 


4u2, 1 —e~ * +xe—* 
X—s peer Na (47.16) 


where x =hAv,/kT, Av, = My, — “Hy. Experimental verification 
of this formula leads to a practically complete coincidence of cal- 
culated and measured values of x. 

Magnetochemistry. Measurements of magnetic susceptibilities play 
a significant part in studies of molecular structure (magnetometric 
method). Pascal's investigations showed that the molecular magnetic 
susceptibilities x,, (to a first approximation) are additively com- 
posed of atomic susceptibilities x, (atomic increments), like molar 
refraction is composed of atomic refractions (see Sec. 44). In the 
second approximation, to the sum of atomic increments are added 
certain “constitutive components” A, which take into account the 
structural peculiarities of a given molecule (the presence of multi- 
ple bonds, etc.). We thus have 


X= ha Ae (47.17) 
The values of the atomic increments for certain atoms (after Pas- 
cal and Klemm) are given in Table 46. The minus sign here indi- 
cates diamagnetism and the plus sign, paramagnetism. 
Table 46 
Atomic increments Xa OX 105 absolute units) 


H —9.93|F —11.5| Li — 4.2 
Cc —6.00|Cl —20.1| Na — 9.2 
N in open 

chains —5.57|Br —30.6| K —18.5 
N in rings —4.61 |I —45 Mg —10 
N in monoamides—1.54|S —15.0 Ca —16 
N in diamides 

and imides —2.11|Se —23 Al —13 
o —4.61|Te —37 | Ag —31 
O, bound to C 4H1.73|P —96.3| Zn —13.5 
O in carboxyl 

group —3,36 | As —43 Hg —33 


Table 47 gives the constitutive components for certain of the sim- 


plest bonds. 
To illustrate, let us follow through the method of computing Xy 


on the basis of Tables 46 and 47. First we take normal hexane 
C,H,,. We have 6C atoms and 14H atoms with single bonds be- 
tween them, for which 4—0. Therefore, according to (47.17) 


16* 
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Ym xc T Xa = — (65«6.00 -+ 145«2.93) x 107* ——T140x107*, 
whereas experiment yields — 77.15«10^*. 


Let us further consider benzoyl chloride Si CMM 
O 


In this case, formula (47.17) must obviously be written as Xm = 
Mano kat: Xo + q+ 6AC, + AC, =— (7 X 6.00 -+5 x 2.93 — 
— 1.73-+ 20.1 4- 1.44 4- 1.99)5107*— — 77.8107*. The experi- 
mental value of yy is —77.9X107°. 


Table 47 
Constitutive components 4 (><10° absolute units) - 


Sst, + 5.5 —C—Cl +3.1 
| 
| Jer ap! 
vL bu +10.6 sh out 44.1 
| 
| 
—Cz0— + 0.8 wea 44.1 
bc 
CH, =CH — CH, — + 4.5 Mm oi +4.3 
| 
Ld 
—NLÉN— 418 | Br—C—C— Br +6.2 
C + 8.2 N 3 
mo cs . SS 
nk X +1.4 
—N-—O + 1.7 Na 
ce — 0.24 Ctt —1.29 
Cu * — 3.1 Gust —1.54 
Cin” — 4.0 G, and Cites —0.48 


* Cj corresponds to the position, in an aromatic compound, of a 
carbon atom belonging to one ring, Cy and Cp to C atoms that are 
simultaneously components of two and three rings, respectively. 

** C, and C, refer to C atoms connected with three and four other 
C atoms, respectively (in the positions a, y, 5, &).%- B-, etc., C atoms 
correspond to their following position in the molecule: 


| 
R—C—C—C—C—C—.s., 


CUP 


*** The same, but in position 
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The foregoing examples clearly indicate the importance of mag- 
netometric measurements in determining the structure of a variety 
of chemical compounds. The procedure in these measurements is 
based on measuring the force experienced by bodies in an inhomo- 
geneous magnetic field, which force is (in the case of diamagnetic 
bodies) equal to 

Faz (Hog av (47.18) 


where H is the intensity, 2n the field gradient, and dv is a volume 


element of the body. By replacing the body under consideration (a 
gas, for example) with a body of known susceptibility x, and of 
equal volume and shape, it is frequently possible to avoid difficult 
measurements of the magnitude of the field gradient. In this case, 
from a measurement of the force F and the force experienced by a 
standard body (F,) we get x—(F/F,)x, on the basis of (47.18). 


CHAPTER 10 
MOLECULAR CONSTANTS 


48. Geometrical Constants 


The molecule as a chemical entity is characterised by definite 
numbers, molecular constants. Molecular constants may be divided 
into two large classes: geometrical constants and energy constants. 
The geometrical constants characterise the dimensions and structure, 
the arrangement of atoms in the molecule, and the electric-charge 
distribution in them. The constants of this class include molecular 
diameters, distances between atoms in the molecule, angles between 
bonds, and dipole moments. The class of energy constants, which 
describe the various energy states of the molecule, its stability in 
a given energy state, etc., include the energies of molecular terms, 
the heats of dissociation, average bond energies, etc. The vibrational 
frequencies of molecules may be put in this class of constants. 
The present chapter is devoted to a brief survey of these constants 
and to a description of certain experimental methods of determining 
them. 

Dimensions of molecules. Molecular dimensions represent a certain 
conventional magnitude. Indeed, each molecule is a more or less 
complex system of electric charges and is surrounded by a field 
of force extending to infinity. In quantum theory the infinite extension 
of the molecular field corresponds to the fact that the density of 
the electronic cloud of the molecule becomes zero only at infinity. 
However, the force field of a molecule rapidly falls off with the 
distance r from its centre, becoming negligibly small at a certain 
distance r, which may arbitrarily be called the radius of the molecule. 
Since the dimensions of molecules are most significant for their 
interaction, the natural criterion for the strength or weakness of 
_ a molecular field at a given distance is the magnitude of interaction 
energy of the molecules separated by the distance r. For the limiting 
value of interaction energy we can take the mean energy of relative 
thermal motion of molecules kT, thus subjecting r, to the condition 


U (2r) —KT 
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where U(2r,) is the energy of interaction of molecules at a dis- 
tance 2r,. 

This condition should, in particular, be fulfilled at the critical 
point when the forces of molecular adhesion are not able to counteract 
ihe thermal motion (as a result of which the difference between liquid 
and gaseous states of the substance vanishes), For this reason, to 
compute the dimensions of a molecule of a given substance we can 
take advantage of its critical volume Ver: Representing the molecules 
as spheres of radius r, and proceeding from the most dense packing 
(to which there corresponds a three-fourths population of the volume), 
we have 

4:13 3 

gay Na = Ver (48.1) 
whence we can calculate r,. It may be noted that due to the known 
relation between the critical volume and constant b in the van der 
Waals equation, V, — 3b, equation (48.1) yields 

= ar Na; (48.2) 

this also enables us to calculate r, from constant b. The values of 
r, obtained from these formulas in the case of molecules that do 
not have spherical symmetry are obviously certain mean values of 
molecular radii. 

Another method for determining molecular dimensions is based on 
transfer, phenomena (diffusion, thermal conduction, internal friction). 
Since, according to the kinetic theory of gases, transport phenomena 
are essentially determined by the mean free path of the molecules A, 
which in turn depends upon the molecular diameter d, = 2r,, 


Pieter Weer itn 
y 2xdin 14$ 


(n is the number of molecules in 1 cm’, which at normal p and T 
is 2.69 10^, and C is the Sutherland constant), we have the 
following relationships between the coefficients of diffusion, thermal 
conduction, and internal friction, on the one hand, and the diameter d,, 
on the other. These relationships permit calculating d, from the 
measured value of any one of the three indicated coefficients. Mostly 
used is the coefficient of internal friction 


1=0.4990vA (48.3) 
(o is the density of the gas, v is the mean square of molecular 


velocity). Calculating the constant C from the temperature dependence 
of the internal friction, we find d, by (48.3) from the measured n. 
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We shall not dwell on other methods used to determine molecular 
dimensions and shall confine ourselves to certain data taken from 
Stuart (Table 48). 


Table 48 
Diameters of molecules (in A) 

f Calculated Calculated 
Mole- |Calculated| from V Mole- |Calculated| from V 
cule from 7 er cule | from 4 et. 

or b orb 
He 1.96 2.52 |NO 3.0 — 
Ne 2.35 — co 3.2 2.86 
Ar 2.92 2.92 HCI 3.0 2.85 
Kr 3.2 — HBr 3.12 — 
Xe 3.5 3.1 CH; 3.34 2.96 
H, 2.47 2.5 CO, 3.32 2.92 
N, | 3.18 | 2.86 |H,Ó| 2.72 = 
O, 2.98 2.45 |N,O 3.2 — 
Ch unns SO; 64.28 E 
Br, 4.04 — CCi,} 3.8 — 

Lh 4.46 = [e| 40 p= 


Intramolecular distances. Unlike the dimensions of a molecule, 
the distance between the atoms of a molecule is a physically strict- 
ly definite magnitude —the equilibrium distance at which the 
attractive forces experienced by each atom are balanced by the 
forces of repulsion. Vibrations or rotation of the molecule do not 
introduce any uncertainty, because any change in the equilibrium 
distances caused by them can, generally speaking, be taken into 
account. 

An experimental determination of the intramolecular distances 
does not encounter particular difficulties in the case of diatomic 
molecules, nor in the case of the simplest (especially symmetric) 
polyatomic molecules, the structure of which are known on the ba- 
sis of certain properties of the molecule, Of the methods now in 
use, most important are the spectroscopic (including microwave 
spectroscopy), roentgeno- and electronographic methods. In the case 
of diatomic molecules, all these methods solve the problem of in- 
tramolecular distances r, quite unambiguously. The spectroscopic 
method based on an analysis of rotational band structure is the : 
most precise. | 

As we saw in Chapter 8, the distances between two adjacent 
lines in a band (Av) are connected by definite relations with the 
moment (or moments) of inertia of the molecule. By measuring the ! 
quantities Av, it is not difficult to find the moment of inertia on 
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the basis of these relations: 
AU messen 
ie m, +m, fe 


whence we can also find r, (we, of course, assume that the masses 
of the atoms in the molecule m, and m, are known). 

_ Just as simple is the determination of intramolecular distances 
in the case of symmetric triatomic linear molecules (CO,, CS,, and 
others). Here the moment of inertia, which determines the fine 
structure of the spectrum, is expressed by 


1, —2mr, 


where m is the mass of each of the extreme atoms and r, is their 
distances from the central atom. 

In the case of symmetric triangular molecules (H,O, H,S, SO,, 
etc.), we have the following relations between the principal moments 
of inertia 1, I, and l, which are determined from the rotational 
structure of the spectra, and the distances r, and r, (r, is the dis- 
tance between identical atoms, r, between different atoms): 


You) 
Lora [^ (3)]: 
eNA 


(m is the mass of each of the identical atoms, and M is the mass 
of the tħird atom). We thus have two independent equations to de- 
termine the two unknowns r, and r,. 
The quantities r, are uniquely determined from 1, also in the 
case of symmetric tetrahedral molecules (CH, CCl, etc.), whose 
principal moments of inertia are expressed by the formulas 
=L=} t and d,—mr 
(m is the mass of each of the end atoms, r, is the distance between 
ihese atoms). The distance between the end atom and the central 
one, i.e., between the vertex and centre of the tetrahedron, is 


3 
n= 52: nne 
In all the foregoing cases, the number of unknown intramolecular 
distances r, was equal to the number of independent moments of 
inertia of the molecule, from which it was possible to determine rj. 
In the more general case of asymmetric linear triatomic molecules 
(COS, HCN, etc.), and also in the case of linear tetra-atomic mol- 
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ecules (C,H,, C,N,, etc.) and more complex molecules, the number 
of independent moments of inertia is always less than. the number 
of distances r,, and we need additional data to find them. 

By way of illustration, let us consider the linear molecule HCN. 
Here we have two distances, namely, r, — (C — H) and r, — (C — N), 
and one moment of inertia: 

r A (Myr, — myr.)* 

PRT IND a ae Ew 
(mu, mc, My are the atomic masses of H, C, and N). In this case, the 
missing second equation (for a determination of the two unknowns 
r, and r,) can, for example, be obtained from an analysis of the 
rotational structure of the spectrum of the DCN molecule. Indeed, 
because of identical chemical properties of the H and D atom (as 
in all cases of the isotopes of the same element), the distances 
(C—H) and (C—D)—and, of course, the distances (C—N)—in the 
HCN and DCN molecules must be the same. Consequently, for the 
DCN molecule we have (C—D) =r, and (C—N) =r,, and 

t (mpr, — myr)? 

I'= mpr? -+ Bil, E O, 
(mp is the mass of deuterium), Thus, having determined I and I' 
we get two equations to find the unknowns r, and r,. The spectro- 
scopically measured values of the moments of inertia of the mole- 
cules HCN and DCN are I= 18.935 X 10-*" g cm? and 
I’ = 23.159 X 107" g cm?, whence by means of the previous for- 
mulas we get r, — 1.058, A and r, = 1.157, A. 

Underlying the roentgeno- and electronographic methods is the 
scattering of X-rays and electrons by the molecules of the substance 
under study. These methods of measuring intramolecular distances 
are particularly suitable for cases when the molecule contains sev- 
eral heavy atoms situated symmetrically with respect to the re- 
mainder of the molecule, as in the case of CCI,, PC],, CH,Cl,, etc., 
inasmuch as the diffraction pattern here is less complicated; this 
makes the calculation more reliable and accurate. In addition, the 
intensity of the scattered rays that give rise to the diffraction pat- 
tern is greater for heavy atoms, and this too simplifies the meas- 
urements. 

The scattering of X-rays is the result of interaction between a 
light wave and the electrons that form the electron clouds of the 
scattering atoms, while the cause of electron scattering is the action 
of the intramolecular electric field on the electrons being scattered. 
Outwardly, the scattering of X-rays and electrons appears the same, 
obeying nearly the same laws: in both cases the difiraction pattern 
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produced by scattering is a system of concentric interference rings. 
The reason for the identity of both diffraction patterns lies in the 
wave properties of an electron beam, making it possible to regard 
the latter as a plane wave. 

The calculation of'a diffraction pattern (roentgeno- and electro- 
nograms) is based on the law of intensity distribution of the scat- 
tered rays over the scattering angle 0, i.e., over the angle between 
the directions of the scattered and primary rays. 

Let us first consider the scattering of a beam of monochromatic 
X-rays of wavelength À by an individual atom. Under the action 
of the electric vector of the incident wave (E,) the charges (elec- 
trons) contained in the volume element dv periorm forced oscilla- 
tions and emit secondary waves. The amplitude of these waves at 
the distance R (which is large compared with the size of the atom- 
ic nucleus) from the nucleus of the scattering atom will be ex- 


pressed as 

1 e i cost 8 p 

xa V CERT Et 
where e and m are the charge and mass of the electron, c is the 
velocity of light, and o is the density of the electric charges equal 
to o—e| W|* (V is the wave function of the atom). On the assump- 
tion of spherical symmetry of charge distribution in the atom, i. e., 
o=o(r), we obtain the following expression for the amplitude of 
secondary emission of the atom as a whole (as a result of intergra- 
tion over the whole volume of the atom): 


oo 
2 BETTE 
T E» y: LM oe EERO ['r'dr 
o 

where 

4n . 9 

u inpr. 1 sin ** 

The integral in this expression 

[ 

i 2 
Fg (0) = 4a (SES (0) Pr dr (48.4) 

$ 
which characterises the effect of the electronic structure of the atom 
on the intensity of scattered radiation is called the structural (atom- 
ib) factor. To a certain degree of accuracy, the latter may be 
determined either theoretically or experimentally. Experimentally, 
Fa is found from measurements of the intensity of scattered radia- 


tion proportional to FR: 
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Let us examine electron scattering by an atom, in other words, 
let us attempt to determine the effect of the atomic electric field on 
the primary electron beam. To do this, we must solve the Schród- 
inger equation that corresponds to the perturbation problem. Here, 
the potential energy of the electron being scattered in the field of 
the atom is the perturbing function. In the case of spherical sym- 
metry of charge distribution in the atom, this energy is expressed 
by the formula 


Vo=- f Sfin 909 Pear z} ar. (48.5) 


Solving the Schrödinger equation we find the function p’, which 
characterises the scattered beam of electrons. Like the amplitude of 
secondary X-radiation, the function 1p’ may be represented in the 
form of the product of a constant quantity and a certain factor Fe, 
the square of which yields the distribution of scattered electrons 
over angle }. Mott demonstrated that Fe and Fg are connected by 
the following relation: 


Fe ()— 55. {Z—Fr (0)) cosec* $ (48.6) 


(v is the electron velocity). Thus, with the aid of this relation, 
F, which may be called the a/omic factor for electron diffraction, 
can be calculated directly from the atomic factor for X-rays. It 
will be noted, however, that Fr, which in equality (48.6) has the 
meaning of a screening term, plays only a secondary part and can 
frequently be discarded without greatly affecting the accuracy of 
measurements. Then the expression for Fe reduces to 


2 
Fg —A cosec* s (48.7) 


The principal formulas for calculating the intensity of secondary 
X-rays scattered by gas molecules were given by Debye and Ehren- 
fest. Following Debye and considering each atom in a molecule 
as an independent scattering point-centre, we can calculate the 
oscillation amplitude of the radiation scattered by a given mole- 
cule as the sum of amplitudes of the separate elementary waves 
scattered by the individual atoms in the molecule (taking into ac- 
count the phase differences). Calculation of the average square of 
this total amplitude for all possible orientations of the molecule 
yields the intensity of the radiation scattered by the molecule. By 
introducing the atomic factors we take account of the charge distri- 
bution in the atoms, 
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In this way, Debye derived the following equation for the inten- 
sity of X-radiation scattered by a gas, the molecules of which con- 
tain n atoms separated by the distance r; and characterised by the 
atomic factors F,, F,,..., Fy: 

i=nj=n 


1 (0) —k EET Y, SRF (48.8) 
SS 3 
A similar equation for the case of electron scattering has the same 
2 
form as (48.8) minus the factor Drm. 
i=nj=n à 
O= Y, M EFE. (48.9) 


ps e Re m 
1n the case of X-rays, F are expressed by (48.4); but in electron 
scattering, F represent atomic factors for electron diffraction and are 
expressed by (48.6). In the latter instance" (formula 48.9), A in the 
expression p= sin? is the de Broglie wavelength. Besides, these 
two cases differ in the values of the constant factor k (kr and ke). 
According to (48.8) and (48.9), the intensity of scattered radia- 
tion passes through a series of maxima and minima with variation 
of the scattering angle 9. For this reason, due to ihe axial sym- 
metry of scattering in the case of a narrow beam of rays, the 
dillraction pattern, which ordinarily is recorded photographically, 
presents a system of concentric rings of variable intensity (see 
Fig. 4, p. 33), which is determined by the values of the respective 
double sums. The radii of the interference rings depend upon the 
wavelength A, the distances r;, between the scattering atoms and also 
the distances between the scattering entity and the photographic 
plate (R). Therefore, if we know R and A, we can find the values 
of the intramolecular distances r,; from the measured radii of the 
rings. 
The method of interpreting a diffraction pattern usually consists 
in the following. Having specified a definite molecular structure 
that appears probable on the basis of certain reasoning, from (48.8) 
or (48.9) and with the aid of known values of the atomic factors 
we plot a curve of the relative scattering intensity versus the pa- 
rameter x =p). By changing the scale of x this theoretical curve is 
made to coincide with the curve of intensity distribution over the 
angle 9 obtained by photometry of the appropriate roentgeno- and 
electronograms, and we obtain proof of the proper selection of the 
molecular model by the coincidence both of intensities and of the 
arrangement of interference maxima (rings), If the theoretical and 
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experimental curves cannot be made to coincide, this indicates that 
the selected molecular model is not the right one. 
Tables 49 to 51 give some data on intramolecular distances. 
Table 49 
Intramolecular distances in the molecules of elements (after Herzberg) 


Molecule Distance, A Molecule Distance, A 
H, 0.7417 pi 1.894 
D, 0.7416 Sz 1.889 
HD 0.7414 ci 1.988 
Li] ^ 3.6723 Kn 3.923 
Bi 1.589 Set? 2.16 
e 1.3117 Br? Br? 2.984 
Ni 1.094 Te, 2.59" 
[ou 1.2074 n" 2.667 
Fe 1.435* Hg, 3.3 
Na’? 3.079 
* Obtained from electronic diffraction, ` 

** Obtained from data on liquid mercury, 

Table 50 


Intramolecular distances in diatomic molecules of hydrides (after Herzberg) 


Molecule Ty A Molecule rer A Molecule Ter 
Li'H 1.5953 AI"H 1.6459 SrD 2.1448 
Li'D 1.5949 AI"D 1.6456 AgH 1.617 
BeH 1.3431 Si? H 1.520 AgD 1.6172 
Be*D 1.3425 CIH 1.27460 CdH 1.762 
B"H 1.2325 CI'D 1.275 CdD 1.748 
BUD 1.231 K*H 2.244 InH 1.8376 
CYH 1.1198 Ca®H 2.002 HI 1.604 
CuD 1.119 Ca'"D 2.001 Cs!?H 2.494 
NSH 1.038 TiH 1.870 BaH 2.2318 
OH 0.9706 Mn*5H 1.73075 Au” H 1.5237 
OD 0.9699 CoH 1.542 Au'?D 1.5237 
F'*H 0.9171 NiH 1.475 HgH 1.7404 
ED 0.9170 Cu®H 1.463 HgD 1.7378 
Na? H 1.8873 Gap... 1.4625 TIH 1.870 
Na**D 1.8865 ZnH 1.5045 PbH 1.839 
Mg**H 1.7306 Br?H, Brei 1.414 BiH 1.809 
Mg"D RbH 2.367 Biz°D 1.805 
SrH 2.1455 
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Table 5l 

istances between carbon atoms in molecules with single, double, and triple bonds 

vem 

Molecule Bond | r. A Molecule Bond |r, A 
Diamond C—C | 1.54 | Cis-2, 3-epoxybutaneC,H,O | C—C | 1.54 
Ethane C;H, CLC | 1:86 | Tetrahydrofuran GHO |C—C | 1:54 
Propane CH, C—C | 1.54 | C, C=C | 1.31 
Isobutane C,H;, C—C | 1.54 | Ethylene C,H, C=C |1.34 
| Neopentane C,H, C—C | 1.54 | Allene C,H, CSC 1:81 
Cyclopropane C,H, C—C | 1.53 | Ketene C,H,O C=C | 1.35 
Cyclopentane C,H, C—C | 1.52 | Stilbene (C,H;),C;H, C=C |1.33 
Cyclohexane C,H,, C—C | 1.51 | Benzoquinone C,H,O, C—C |1.32 
Butylbromide C,H,Br |C—C | I.55| Acetylene C,H, C=C |1.20 
Nonacosane Cas H so C—C | 1.54 | Diacetylene C,H, C=C | 1.20 
Paraldehyde (CH,CHO), |C—C | 1.54 C,Bry C=C | 1.20 
Metaldehyde (CH,CHO), | C—C | 1.54 Gh C=C | 1.18 
Trans-2, 3-epoxybutane |C—C | 1.54 HC=CX C=C | 1.20 

ats! 


Table 49 gives the values of r, obtained from the moments of 
inertia I, expressed by the formula 


1:5 21:994 1074? ES (48.10) 


Unlike re r, is computed from the equation 
1, 27294 $0107 ** g cm’. (48.11) 
LÀ 


The connection between r, and r, is evident from the following 
relation: 


B,—B.— (48.12) 


(cf. (38.11) p. 370). The quantity r, corresponds to the minimum of 
ihe potential curve, whereas r, is the mean value of the internu- 
clear distance in the state v —0. We may note that the difference 
between r, and r, is small: for Be O, r, — 1.331 A and r,— 1.335 A. 

The data given in Tables 49-51 exhibit a number of regularities 
that are particularly marked in the lighter elements (second and 
third periods). In diatomic molecules oi the elements in the Li-F 
series (Table 49), r, which is maximum in the Li, molecule, 
diminishes with increasing atomic number and passes through a 
minimum in nitrogen. This change in r, corresponds to a change 
in the bonding strength from least in Li, (single chemical bond) 
to greatest in N, (triple bond). A similar variation of r, is ob- 
served in other periods as well. In the case of hydrogen compounds 


484 MOLECULAR CONSTANTS [Ch. 10 


(Table 50), there is a regular decrease in r, in each of the first 
two periods; apparently, this may be correlated with the decrease 
in size of the atoms bound to hydrogen and an increase in the 
stability of the molecule. Also characteristic of A—H bonds is the 
constant distance between A 

Table 52 and H atoms in various En. 

4 in di ounds, as may be seen from 

nios Eder o Table 52. This must be attrib- 
uted to the small change in 


Mole: Mole- stability of the respective bond 
dir, Bond | r, A h 

| x^ pee pore when passing from one com- 
| à pound to the next (see Sec. 49). 
C—H | 1.12 /NH,CI| N—H| 1.0; The approximate constancy 
Certe 02 OH (OH i079 of bond length is also 

HCN |}C—H| 1:07| H,O | O—H| 0:97 : 8 E 
GH, |C—H | 1.0 marked in the case of single, 
N—H|1.04| SiH |Si—H| 1.52 | double, and triple bonds 
NH, |N—H| 1.01} SiH, |Si-H| 1-5 | of carbon atoms (Table 51). 


As may be seen from this 
table, to an accuracy of 
hundredths of an Angstrom, r— 1.54 A corresponds to a single 
(aliphatic) C—C bond, r—1.34 A to a double C—C bond, and 
r= 1.20 A to a triple bond. There is a similar constancy of bond 
length also in the case of the bonds C—O (1.44 A), C—N (1.4 A), 
C—CI (1.7-1.8 A), C—0 (—1.2 A), C=N (1.16 A), etc. The 
bond length between two carbon bonds in molecules with conjugat- 
ed and, particularly, with aromatic bonds differs from the length 
of the aliphatic C—C bond and the double carbon bond. For 
instance, in the benzene molecule the length of the carbon-carbon 
(aromatic) bond is 1.40 A, in C,Cl,, 1.42 A and in C, (CH,),, 
1.42 A. From these examples, it is seen that the length of an 
aromatic bond in benzene and its derivatives is intermediate be- 
tween the lengths of single and double bonds. 

Let us further consider the lengths of carbon-carbon bonds in 
the molecules of butadiene H,C— CH— CH —CH,, where C—C is 
1.46 A and ‘C=C 1.35A; of diacetylene HC=C—C=CH, where 
C—C is 1.36 A for C=C equal to 1.20 A; of methylacetylene 
H,C—C=CH, where the length of the C—C bond is 1:46 A, etc. 
We see that the lengths of the bonds C—C, C=C, and C=C in 
these conjugated-bond molecules differ less than in molecules with 
isolated carbon-carbon bonds (Table 51). This indicates a certain 
similarity of bonds in conjugated systems and a complete simi- 
larity of bonds in the simplest aromatic compounds. 

The above-mentioned regularities, namely, the approximate con- 
stancy of distance between a given pair of atoms in different com- 
pounds with covalent bonds and the regular decrease in this distance 
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with increasing multiplicity of the bond permit us, in purely formal 
fashion, to attribute to each atom in its given valence state a defi- 
nite radius, as was proposed by Pauling. The radii of certain atoms 
computed (after Pauling) from crystallographic structures and also 
from spectroscopic and electronographic data (these computations are 
based on the assumption that the distance between adjacent atomis 
in a crystal or in a molecule is equal to the sum of their radii) 
are given in Table 53 (for a single bond). Atomic radii for double 
(r,) and triple (r,) bonds are approximately satisfied by the following 
empirical relations: 
r,=0.90 r, and r, —0.79 r,. 


For the atoms B, C, N, O, and S, the values of r, obtained from 
this relation are, respectively, 0.80, 0.69, 0.63, 0.59, and 0,94 A. 
Similarly, for r, in the case of C and N we find 0.61 and 0.55 A. 
It will be readily seen that T 

these values are close to those eg 8 S: n» 
computed from Table 49. Covalent rito. atoms fori Single chemical 

Using r,, r,, and T,, it is XH 
possible to find the approxi- 


mate distances between the PER 

atoms in different molecules. m RISK Moe 

In addition, the possibility Loue : 

to assign to the atoms in a i He es ud A is E 

ini ii Na g i 

molecule definite radii may 1.54 1.40 1.96 1.17 1.10 1.04 0.99 

also be very important for e E PST Seek 
ini u n a s oe f. 

determining the character 135 1.31 1.26 1.22 1.21 1.17 1.14 

of the valence bond in var- be lcd edi sa t : 

ious compounds. Let us x 

consider the SO and CO i ie pe fie Oy Eon usd 

E u Hg 
molecules. The close agree (so 148 L47 146 1.51 
ment of the value ofr cal- 


culated on the assumption of 
a double bond and the observed value in the case of SO (1.53* and 


1.49 A) may serve to indicate that the bond between the atoms S 
and O in this molecule is indeed a double bond. But in the case 
of CO the distance between atoms calculated as the sum of the radii 
of the C and O atoms is 1.28 A** for a double bond, whereas the 
measured value of this distance comes out to 1.13 A. Whence it 
may be concluded that the bond in a CO molecule should be strong- 
er than an ordinary double C=O bond; which is actually the case. 


* From the data in Table 49, we get 1.51 A for rgo as the average of ro, 


and Ts. 
** From the data in Table 49, we get Too = 1.26 A. 
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A number of other properties oi the CO molecule (for instance, its 
great similarity to the nitrogen molecule N — N) permits us to con- 
sider the bond in CO as close to the triple C=O bond. The sum 
of the radii of the atoms C and O calculated. from the r, values 
given in Table 53 for a triple bond comes out to 1.12 A, i.e, 
it coincides with the measured value of the bond length in the CO 
molecule. 

As may be seen from the foregoing, the concept of “atomic radius", . 
unlike that of the interatomic distance (in the molecule), is con- 
ventional, just like the concept of ionic radius, which is introduced 
in the case of ionic compounds, ionic crystals for instance. All meth- 
ods for determining ionic radii proceed from the view of ions as 
rigid spheres closely packed in the crystal lattice and surrounded 
by spheres of opposite electric charge. From the directly measured * 
constants of the crystal lattice (these constants give the distance 
between ions in the crystal, i. e., the sum of their radii) the radius 
of each ion may be calculated only on the basis of certain simpli- 
lying assumptions. To illustrate, in the case of crystals built up of 
large anions (I~, for instance) and small cations (Li*, for example) 
the dimensions of the latter may be ignored, whence the radius of 
the anion comes out to half the distance between two anions. Then, 
irom the interionic distances in the lattices built up of this anion 
and of other cations, it is possible to determine the radii oi the 
latter. Using known cation radii, it is possible from the crystal 
structure to calculate the radii of other anions. In this way we 
get a system of ionic radii that is used to determine molecular 
structure, electrical and optical properties, lypes of crystal lat- 
tices, etc. 

lon radii can also be calculated from the properties of the elec- 
tronic shells of the ions, for instance, from ionic polarisation or 
from the law for the repulsive force that counteracts further approach 
of adjacent ions. A common feature to all systems of ionic radii 
worked out on the basis of different initial data is the fact that 
they are confined to a comparatively small range of compounds for 
which the ion radii are indeed certain (though conventional) constants. 
Outside this range, i.e., when applying this system to other com- 
pounds, the additivity of the interionic distances is, as a rule, not 
fulfilled; whence it follows that the ionic radii are not constant. 
Further, we have to distinguish ion radii as a function of the type 
of crystal lattice. This brings the ion radius closer to the “chemical 
radius” of the atom. However, the concept of approximate constancy 
of ionic (like atomic) radii turns out to be useful in studies of 
various properties of atoms and ions, in evaluating interatomic and 
interionic distances in molecules and in crystals, and in interpreting 
the structure of a variety of compounds. The radii of ions that 
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have the electronic structure of an inert gas are given in Table 54 


(aiter Rice). 
Table 54 


lon radii (in Angstroms) ` 


H7 He Li+ Bett B+ Cit N** ot F* 

y 2.05 0.99 0.59 0.43 0.34 0.29 0,25 022 0.19 
c- Ne- O-7 F- Ne Nat Mgt? Al** Sitt ph- Sit GP 
4.14 2.47 1.76 1.36 1.12 0.95 0.82 0.72 0.65 0.59 0.53 0.49 
S^ PTS O RAT RECAE EEO A TIVI CTUM 
3.84 2.79 2.19 1.81 1.54 1.33 1.18 1.06 0.96 0.88 0.81 0.75 

Cut Zn** Gat Get+ As** Se'* Br'* 
. 18 0.96 0.88 0.81 0.76 0.71 0.66 0.62 
S7 Ast Sec Br- Kr  Rb* Srt* Y)* Zr** Nb** Mot 
3.71 9.85 2.32 1.95 1.69 1.48 1.32 1.20 1.09 1.00 0.93 

Ag* Cd** In** Sn** Sb*t Tet ^T 
* 1.96 1.14 1.04 0.95 0.89 0.82 0.77 
Sm- Sb!- Te-7 dt. Xe .Cs* Bat* Ea** Gett 
3.70 9.95 2.50 2.16 1.90 1.69 1.53 1.39 1.27 

Aut Hg** TI** Pb'* Bi** 

1.37 1.95 1.15 1.06 0.98 


Jd 


Molecular structure. The problem of geometrical molecular struc- 
ture belongs to the field of stereochemistry. Since the time of van't 
Hoff and LeBel— the founders of this important branch of the 
science of matter—a vast body of experimental material has been 
amassed. The principal concepts originated on a purely chemical 
ground, were subjected to physical verification through experiment 
and now rest on a firm theoretical foundation. One of these is the 
concept of directed valency. As was demonstrated in Chapter 7, it 
follows directly from the quantum-mechanical theory and is thus 
substantiated theoretically. Earlier examined instances have shown 
the importance of the theory of directed valency for establishing 
the geometrical structure of molecules. 

Here we shall dwell only on the basic results obtained from an 
experimental establishment of molecular geometry and also on 
some of the methods. Some of the results and methods that have 
already been considered will be omitted. 

One of the important physico-chemical methods that played the 
chief part in an experimental substantiation of the concept of the 
tetrahedral directivity of carbon-atom valences (van’t Hoff) is the 
polarimetric method, which is based on studies of the rotation of 
the plane of polarisation. It is precisely with this method that the 
discovery of optical isomers — substances that have identical compo- 
sition but rotate the plane of polarisation in different directions — 
is connected. As follows from the theory of this phenomenon, the 
spatial arrangement of atoms (or atomic groups) in optical isomers 
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should be such that one molecule is a mirror image of the other. 
Such, for example, are the molecules 


"Ee LS 
RvR, R R, 


(Ro R,, R,, and R, are different atoms or radicals) that are obtained 
from one another by interchanging two radicals. It will readily 
be seen that im the case of two identical radicals one molecular 
model passes into the other as a result of simple rotation, and 
therefore both models have identical structure, i.e., they coincide. 
Inasmuch as optical isomerism is experimentally observed only in 
the case of four different R;, these experiments must be regarded 
as proof of the arrangement of atoms or radicals in the vertexes of 
a tetrahedron. 

One of the manifestations of directed tetrahedral carbon-atom 
valences is the constancy of the angle between the valence bonds 
of a tetrahedral C atom. For instance, from measurements of the 
angles of H—C--Cl or Cl—C—C] in the molecules CCl,, CCI,H, 
CCLH,, and CCIH, it follows that upon substitution of hydrogen 
by a chlorine atom these angles undergo a comparatively small 
change, Yet in the absence of directed valency, for instance in the 
case of the CCI,H, molecule, one should (for reasons of symmetry) 
expect an arrangement of Cl atoms in a single straight line, i.e., 
Z CI—C—CI = 180°, whereas in reality we have an angle of 132°. 

Cogent proof of the constancy of the valence angle of carbon is given 
by X-ray studies of normal hydrocarbons, the molecules of which are in 
the form of an extended chain. These investigations show that the dist- 
ances between planes of the crystal lattice of normal hydrocarbons vary 
in proportion to the number of C atoms in the molecule with two 
other practically unchanged lattice parameters. From this it follows 
that the axes of the molecules in the crystal are oriented perpendi- 
cular to the plane of the lattice. Dividing the measured distances 
between planes by the number of C atoms in the molecule yields a 
practically constant value of 1.2 A in all cases. Dividing this 
number by the distance between the C atoms for an aliphatic bond 
(this distance is 1.5 A) (see p. 484), we get sing =0.8, and, con- 
sequently, the angle between the bonds C—C—C c — 107° is close 
to the angle between the axes of a regular tetrahedron, 109798". 
Therefore, the zigzag structure of hydrocarbon chains that follows 
from these data is a consequence of the constancy of the valence 
angle of the carbon atom. The constant valence angle of carbon, 
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together with the constancy of interatomic distances between the 
carbon atoms belong to the fundamental principles of the stereo- 
chemistry of carbon, which play a guiding role in modern investi- 
gations into the structure of organic compounds. 

Theoretically substantiated directed valency occurs also in the 
case of tri- and bivalent elements. In this respect, trivalent N and P 
and bivalent O and S have been studied in greatest detail. From 
the quantum-mechanical theory of atoms with valence p-electrons 
(such as N, P, O, and S) it follows that in the absence of pertur- 
bations the valence bonds must be mutually perpendicular, whence 
we get 90° for the angle between bonds. In reality, however, due 
to the interaction of the atoms the valence angle must, to a greater 
or lesser degree, difier from 90° (exceed it). Theoretically, one 
should expect triangular molecules of H,O, H,S, Cl,O, (CH,),0, 
etc., and’ pyramidal molecules of NH,, PH,, NCI,, PCI,, N (CH,),, 
eic. This conclusion is brilliantly confirmed by extensive experi- 
mental material obtained on the basis of diverse methods of research. 

By way of illustration, let us consider the PCl, molecule. The 
pyramidal structure of this molecule with the P atom at the vertex 
of the pyramid and Cl atoms at its base is obtained from various 
data. First we must point to a dipole moment (1.1 debyes) that is 
incompatible with the symmetrical planar structure. The Raman 
spectrum of PCI, exhibits four frequencies (510, 480, 257 and 
190 em=?), which is the number to be expected for a symmetric 
molecule of pyramidal structure (two of these frequencies correspond 
to doubly degenerate oscillations); if the molecule were planar there 
would be only three active frequencies in the Raman spectrum. 
The electronogram of PCI, vapour is likewise compatible only with 
a pyramidal molecule. Its calculation gives the following interatomic 
distances: Cl—Cl =3.18 2- 0.06 A and P—CI — 2.04 + 0.06 A, from 
which follows  Cl—P—Cl = 102°. Through the use of the same 
research methods, the pyramidal structure was established also in 
the case of NH, PH, PF, PBr,, AsF,, AsCl,, and SbCI,. 

Interesting from the standpoint oi 
on molecular structure is the difference d 
and H,O,. The former is in the shape of a stick, the latter, a tra- 
pezium. The linear shape of the HC=CH molecule follows from 
the directed valence of the —C— atom, the trapezoidal structure 


of the "d ^h molecule likewise directly follows from the theo- 
retical angle of valence of the oxygen atom. As has already been 
pointed out, this angle is ordinarily somewhat greater than 90°: in 
ihe case of H,O, it is close to 105°. The difference in the molecu- 
lar structure of C,H, and H,O, is evident from the absence of a 
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structure of molecules. The first — the parachor method — which is 
similar to the earlier considered reiractometric and magnetometric 
methods, consists in the following. The parachor is the temperature- 
independent and constant coefficient P in the empirical formula 


V'a— PD (48.13) 
or in the more precise formula 
V a—P (D — d) (48.14) 


that relate the surface tension of a pure liquid ø to its density D 
(d is the vapour density above the liquid). The parachor is an 
additive constant (of a given substance) composed of individual 
elements that characterise the atoms and groups of atoms (radicals) 
in the molecule — P, and also various structural peculiarities of ihe 


molecule — m, i.e., 
P—XP,-- Xa. (48.15) 


Definite values of P, and x, were established from an analysis 
ol experimental material for different structural elements of mole- 
cules and these may be utilised for calculating the parachor of a 
chemical compound (liquid). These values Tor certain structural 
elements follow: Pes. Pe 48) pae 12.5, Pow, — 39.0, 
Poi = 54.2; for a double bond, 223.2; for a triple bond m= 
= 46.6; for a six-member ring to = 6.1. 

Let us take advantage of these figures to calculate the parachors 
of some compounds. In the case of CCl, we find P — p. + 4Po = 
=4.8 44 X 54.2 — 221.6 in place of the measured value of 219. 
For normal heptane GH, P — Pc + 16Py — 307.2 in place of 309.3. 
ore C,H, P —6Pc + 6p; + 32-415 =207.1 in place 
of 206.3. 

We see that the calculated values of the parachors practically 
coincide with the measured values. Thus, by comparing the calcu- 
lated and measured values of the parachor of a given compound it 
is possible to judge of the correctness of the structure attributed 
to the molecules of the compound, 

Another method of studying molecular structure is based on the 
Ramsauer effect. The esserice of this eflect is that when slow electrons 
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(or protons) pass through a gas we observe a peculiar dependence, 
upon the electron velocities, of the total efective cross-section for 
the interaction of electrons with the gas molecules. Depending on 
the nature of the gas, the effective cross-section, which is usually 
taken as the sum of the cross-sections of the molecules contained 
in 1 em* at 1 mm Hg and 0°C, varies with the electron velocities 
in accordance with a curve that is characteristic of the given 
compound or the given class of compounds. We will not go into the 


theory of the Ramsauer effect, but will only note that this efect 
is a diffraction efect since it is 
caused by the wave properties: 
of electrons and protons. 

Figs. 121 and 122 show curves 
of effective cross-section Q (in 
cm-^')as a function of the elec- 
tron velocities in N,, C,H,, and 
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Fig. 121. Effective cross-sections for Fig. 122. Effective cross-sections for 
og electrons in Ny C,H, and HCN — slow electrons in e and H,CCCH, 
(after Brueche and Schimieder) (after Brueche and Schmieder) 


HCN (Fig. 121) and CO, and H,CCCH, (Fig, 122). We see that 
the curves for each class of molecules are charateristic of this class. 
These data are interesting from the viewpoint of Grimm's law of 
the displacement of hydrides (Table 34, p. 334) according to which 
the CH molecule and the N atom, just like CH, and O, that have 
the same number of electrons (isoelectron particles) must in a cer- 
iain sense be regarded as chemical and physical analogues. This 
peculiarity is also evident from the shape of the curves under con- 
sideration because the substitution of an N atom by a CH group 
or of an O atom by a CH, group does not essentially alter the 
shape oi the respective curve. Hence, the intramolecular field — 
that acts on the electron and determines the magnitude of the 
effective cross-section (for a given electron velocity) — in molecules. 
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that belong to each of the two classes under consideration has a 
similar structure within the limits of a given class. And since 
this is hardly possible for unlike molecular structure we must 
conclude that the molecules of each given class have a similar 
structure peculiar only to the given class. Thus the C atoms in the 
molecule H,CCCH,, like the C and O atoms in the CO, molecule, 
should be situated on a single straight line. 

Apparently, Q is also a sensitive indicator of the type of valence 
bond in a molecule. Interesting in this respect are ihe curves for 
the molecules O, and H,C—CH, given in Fig. 123. Despite the 
‘same number of electrons in these molecules and the double bond 
in both, the curves that correspond to them are radically different. 
However, this difference be- 
comes understandable if one 
takes into account that oxygen 
is paramagnetic, whereas eth- 
ylene is diamagnetic. Whence 
we get the different type 
of bonding between the O 
atoms in the O, molecule and 
between the methylene radi- 
cals CH, in the C,H, mole- 
cule: in O, the chemical bond 
is accomplished by four elec- 
trons, two of which have un- 
compensated spins (* V state) 
Fig. 123. Effective cross-sections for slow While in the C,H, molecule 
electrons in oxygen and ethylene (after all electron spins are mutual- 

A Brueche) ly compensated. This differ- 
ence in valence bonding undoubtedly exerts its effect on the struc- 
ture of the field of the molecules under comparison. It is this, there- 
fore, that accounts for the marked difference in the shapes of 
the respective Ramsauer curves. 

It may be noted that in recent years new methods have emerged 
in the study of molecular structure. These methods are associated 
with the development of nuclear physics. One consists in the use 
of scattering and diffraction of neutrons. On the basis of the 
scattering of thermal neutrons by the molecules of sulphuric acid, 
Janik established the presence of OH hydroxyls in the H,SO, 
molecule. Applying neutron difiraction, Levi and Peterson studied 
the crystalline structure of NH,Cl and determined the distance 
N—H (1.03 +0.02 A). 

The second in this group of new methods is one that 
utilises positron-electron interaction to produce positronium. It 
is capable of measuring the rate of transformation of ortho- 
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positronium into para-positronium (by measuring the lifetime of 
positronium with the help of counters and coincidence circuits). 
Since this transformation is accomplished with particular ease on 
free and unpaired electrons in atoms and molecules and since as 
aresult we get, in place of the relatively long-lived ortho-positronium 
that decays into three gamma-quanta, para-positronium, which is 
a thousand times more long-lived and decays into two gamma- 
quanta, it becomes possible to determine the concentration of 
electrons, atoms, and radicals in the substance. Another possibility 
of the positron method is connected with observing the annihilation 
of positrons in their collisions with electrons. This permits studying 
the dis'ribution of electron density in molecules. 
Finally, molecular structure may be studied by a method based 
on the Móssbauer effect, which consists in the resonance scattering 
of gamma-quanta by nuclei. Since the resonance-level width of 
excited nuclei is many orders of magnitude less than the recoil 
energy obtained by the nucleus due to its emission of a gamma- 
quantum, resonance scattering of gamma-quanta does not occur in 
the case of recoil. However, it is observed (this is the Méssbauer 
-effect) if recoil is eliminated. This is achieved by getting the 
scattering atoms (nuclei) firmly fixed in the crystal lattice at low 
lightest external efect (for example, changes 
in the chemical composition oi the scatterer) brings about a 
lear levels. This upsets resonance 
ioned small width of the resonance 

levels. Resonance may be restored with the aid of the Doppler 
to measure the shift im nuclear 
shifts in the nuclei of iron Fe’? in its various 
quantitative determination 


of iron. Measurements, made by Hanna an 
of the shifts in the case of metallic iron an 


possibilities for s 
of atoms and molecules. 


49. Energy Constants of Molecules 


Methods for determining bond energies. Let us first take up the 
experimental methods of determining the energy oi chemical bonds 
(heats of dissociation). Most widespread are the thermal methods, 
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which are based, for example, on measurements of thermodynamic 
equilibrium. In the simplest case, one of these methods amounts 
to measuring the pressure of a heated gas or to measuring the 
concentration (pressure) of the initial gas or its products of disso- 
ciation at various temperatures. Having in view to determine the 
heat of dissociation of a diatomic gas, we can express the constant 
of equilibrium X, —2X 


(px and px, are the partial pressures of the atomic and molecular 
components), on the assumption that both components obey the 
law of ideal gases, by the following formula: 
— 4(Ap)* 
K,— p — 9Ap 


(49.1) 


where Ap — p — (T/T,) p,, p is the overall pressure at temperature T 
and p, is the initial pressure of X, at temperature T,.* Calculating 
K, (49.1) from the values of Ap (measured at various temperatures) . 
by means of equation 


T oe (49.2) 


we find the heat of dissociation D=Q, at temperature T. The 
heat of dissociation at absolute zero D° may be obtained from 
the equation 

1 


A 
D'=D—2 fC dT fC, dT (49.3) 
o D " 


which is one of the particular expressions of the Kirchhoff formulas. 

As may be seen from (49.1), Ap, at a given temperature, is the 
greater the higher the equilibrium constant K,, i.e., the less the 
heat of dissociation D. Therefore, this method. of determining the 
heats of dissociation (due to measuring difficulties at high temper- 
atures and the associated considerable errors) yields the most 
precise results only in the case of small D when the atom concen- 
tration even at relatively low temperatures is appreciable. This 
method has yielded good results in the case of the halogens Cl,, 
Br, and L. By way of illustration, we give the results of 
measurements of the heat of dissociation of iodine obtained by 
Perlman and Rollefson. The values of D* computed by these 


* At this temperature the partial pressure of the atomic component py 
is practically zero. It will be noted that Py = 2Ap. 
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workers from measurements at diferent temperatures are: 35.757 
(872 K), 35.583 (973° K), 35.528 (1073* K), 35.504 (1173* K), and 
35.515 kcal/mol (1274°K). The mean weighted value of 35.514 kcal/mol 
practically coincides with 35.556 kcal/mol obtained spectroscopically. 

It should, however, be noted that during recent years as a 
result of considerable refinement in methods of measuring temper- 
atures and concentrations, ways have been found for extending 
this thermal method to temperatures up to 3000°K and, consequently, 
for measuring comparatively high values of heats of dissociation. 


Dissociation 


ZW 
Fig. 124. Thermal dissociation of hydrogen 
(alter Hendrie) 


To illustrate, Fig. 124 gives the measured * (at various temperatures) 
values of the degree of dissociation of hydrogen x = Erg 100") 
(open circles), In this figure, the curve is plotted from the values 
of x obtained from the heat of dissociation of HH 

Further possibilities for measuring large heats of dissociation are 
to be found in the shock-wave method, which is based on the 
relationship between the rate oi propagation of a shock wave in 
a gas and the state of the latter, its temperature, pressure, and 
density. Correlating the measured and calculated rates of propaga- 
lion of a shock wave in nitrogen, Toennis and Greene showed 
that of the two spectroscopically obtained values oi the heat of 
dissociation of nitrogen, D'— 170.22 and 225.09 kcal/mol, only 
the latter value yields rates of propagation that coincide with the 


measured ones. 


entration of the atomic component was 


* [n these experiments the conc ; c à 
olecular beam in anonuniform magnetic 


determined by the deflection of a m 
field. 
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All the foregoing methods are based on measurements of thermo- 
dynamical equilibrium in heat gases. Besides these there are 
thermal methods that might also be called kinetic inasmuch as 
they deal with measuring the rates of chemical processes. Of this 
group we shall consider only the pyrolitic method, which consists 
in measuring the rate of thermal decomposition of the substances 
‘concerned. 

Obviously, we can here speak only of the decomposition of 
molecules into radicals, i.e., of the monomolecular process of 
type R;R, — R, J- R,. The activation energy E that enters iato 
ihe expression ior the constant of the rate of this process 


E 
RR RAR RT 
k= RR at *=Ae R (49.4) 
is in most cases equal to the bond dissociation energy of R, — R, (D). 
Thus, D may be obtained from the rate constant of monomolecular 
decomposition measured at various temperatures: 


DEXE-S gp ek. (49.5) 

ier) 
Frequent use is made of a simplified modification of this method 
based on the fact that the pre-exponential factor A in (49.4) is, in 
most cases, of the order of 10'sec-'. Putting A= 10° sec- and 


measuring k at a certain (single) temperature, one obtains the 
dissociation energy of the bond 


D-—E-RTin O^. (49.6) 


This simplified method was first used by Butler and Polanyi to 
determine the dissociation energy of the C—I bond in various organic 
iodides. It later found wide application in many studies. 

Spectroscopic methods comprise another important group of 
experimental methods for determining the heats of dissociation of 
molecules. Of this group, the most precise method is that based on 
a determination of the convergence limit of bands in the absorption 
spectrum of a given gas (v progressions, p. 398). As follows from 
the theory of molecular electronic spectra the frequency v,,,, which 
corresponds to the convergence limit of the bands, is in the following 
relationship to the excitation energy E and the heat of dissociation 
of the excited molecule D': 


Von =hvy + D' — E 4D. (49.7) 


Using this expression, one can determine the dissociation energy 
of an excited molecule to the accuracy with which the values of Vea 


Sec. 49] ENERGY CONSTANTS OF MOLECULES 497 


and E are determined. And to find the dissociation energy of a 
molecule in the ground state it is necessary to have additional 
information on the origin of the terms that correspond to the ground 
and excited states of the molecule. Here, various cases are possible. 
We shall examine three. 

Case a. The ground and excited terms of the BC molecule originate 
fron terms of the B and C atoms which are in the ground state. 


gie’ 


B EUR 
"I 
BC 


E 


Fig. 125. Different cases of the photodisso- 
ciation of diatomic molecules 


ase, as a result of the dissociation of the excited molecule 
n the ground state (Fig. 125 a); the sum E 4- D' 
t of dissociation of the molecule in the 


ln this c 
we get two atoms i 
will be equal to D (the hea 


ground state): 
D = E + D' = hvor (49.8) 


Case b (Fig. 125 b). The ground term of the BC molecule originates 
from the ground terms of atoms B and C; the excited term, from 
the ground term of atom B and the excited term of atom C. In this 
case, the dissociation of an excited molecule yields B C', while 
the dissociation of the molecule in the ground state yields B+C. 
The sum E-D’ here should equal the sum D 4-A, where A is the 
excitation energy of atom C, i.e., 

D—E-D'—A-hv, — A. 

In this case, to determine the dissociation energy in the ground 

state from the convergence limit of bands, it is necessary, consequently, 


to know the excitation energy of one of the atoms. 
Case c. The ground term of the BC molecule originates from the 


terms of atom B in the ground state and from the excited atom Cc 


(49.9) 
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the excited term, from the terms B and C, which are in the ground 
state. In this case, obviously (Fig. 125c), 


D=E 4D A= hvn FA. (49.10) 


Here, as in the preceding case, we must know A in order to find D. 

It should be noted that cases a and b, particularly the latter, are 
the most frequently encountered ard, for this reason, the most important 
practically. Unfortunately, the convergence limits of the bands are 
observed only in very few cases, for example, for Ciera, O, 
and certain other molecules. Case b is encountered for All these 
molecules. 

In connection with this spectroscopic method, of interest is the 
history of the determination of the heat of dissociation of oxygen. 
Before the discovery of this method nothing definite was known 
about the heat of dissociation of O,, and the figures given by 
dillerent workers ranged from 45 to 400 kcal/mol. The experimentally 
determined convergence limit of the absorption bands of oxygen 
came out to 162 kcal/mol (Birge and Sponer). For some time it was 
believed that both the ground and excited term of the O, molecule 
originates from the *P terms of O atoms (case a). Accordingly, the 
dissociation energy of oxygen D was considered equal to Dai, 

== 162 kcal/mol. However, Herzberg demonstrated that the excited 
state of the O, molecule Cr) unlike its ground state (M). does 
not originate from the ground terms of O atoms (?P-+-®P, cf. p. 327), 
but from the terms *P-+-"D (case b). Therefore, a precise determi- 
nation of the heat of dissociation of O, proved possible only after A 
was found: A—'D —'P— 45 kcal/mol (Frerichs). On the basis of 
this value, from (49.9) we find D—162—45— 117 kcaljmol. At 
the present time, as a result of a precise determination of the band 
convergence limit (Herzberg) we have D* (at 0° K) — 117.96 kcal/mol. 

It is to be noted that the heat of dissociation of hydrogen 
(D'— 103.24 kcal/mol) was determined from Observations of the 
convergence limit in the emission spectrum (v' progressions). In this 
case, the convergence limit directly yields the dissociation energy of 
the H, molecule in the ground state (that originates from atomic 
terms which correspond to the ground state of H) as the difference 


D—hv, —hy,,,. (49.11) 


As was pointed out earlier, the band convergence limit is actually 
observed in very rare instances. And the spectra of most gases are 
either a system of bands consisting of the initial members of 
progressions or are continuous. In the first case, to find the disso- 
ciation energy from the spectral. data, use is made of an approximate 
method of extrapolation (Birge and Sponer), which is based on the 
fact that the maximum vibrational energy of a molecule is equal to 
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its dissociation energy. The following approximate formula is ordi- 
narily used: 


D=- (49.12) 


(Sec. 37), which is obtained on the assumption that the vibrational 
energy of a molecule is expressed by the two-term equation (37.10) 
(p. 355). As has already been pointed out, this equation is suitable 
only for an approximate description-of the vibrational structure of 
the spectrum. Still less suitable should it be for extrapolation. 
The extrapolation formula (49.12) should therefore yield only 
extremely approximate values of D. As experiment shows, in most 
cases it gives exaggeratedly high values, as may be seen from the 
data in Table 55, which gives the true values of the dissociation 
energies (Dyes) for a number of molecules and also the values 
calculated from (49.12) Dextrap and the departures of these trom the 
true values (in percentage). it is seen that, on the average, the 
extrapolated values exceed the true values by ~20°/,. 

One should expect greater accuracy in the extrapolation method 
when using a more precise expression for the vibrational ‘energy, à 
three-term expression for instance: 


E to (v +4 )— hox (ez) bre) 


or a four-term one. 


Table 55 


Heats of dissociation of some diatomic 
molecules obtained by the extrapolation 
method (in keal/mol) 


Dextrap — P meas 1 90% 


Molecule | D D aa 
extrap meas EA 
H, It 103.2 7 
N, 275 | 225.1 22 
0, 147 |118.0 25 
NO 179 | 150.0 19 
OH 127 | 101.5 25 
co 958 | 255.1 1 
HCI 123 | 102.2 20 
HBr 111 86.5 17 
Cl, 57 57.2 0 
Br, 70 45.4 53 


Indeed, using the extrapolation formula 


= (144) (49.13) 
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derived from the three-term expression, we find for the heat of 
dissociation of the hydroxyl OH — the vibrational energy of which 


7 


is expressed by the formula E, —h [3738.48 (y +3) = 
2 3 / ya 

— 85.482 (v ++) -1- 0.7232 (v ++) — 0.04544 (v ++) | = 

118 kcal/mol, i.e, a magnitude 16°/, in excess of the true value, 

whereas the value given in Table 55 obtained from (49.12) exceeds 

the true value by 25"/,. 

The extrapolation method is applicable in the case of a vibrational 
structure of the spectrum. However, when the absorption spectrum 
is continuous throughout, then, as follows from what has been said 
about the nature of continuous absorption spectra (Sec. 41), one can 
calculate the upper limit of the dissociation energy from the long- 
wave limit of the spectrum. Experiment indicates that this method 
ordinarily has an accuracy of several tens per cent, rarely of units 
per cent. Continuous absorption spectra have been detected in the 
case of molecules of type HX, MX (X is a halogen), etc., and also 
in the case of a large number of polyatomic molecules, for instance 
N,O, Cl,0, COS, XCN, H,O, H,S, H,O,, SO,, saturated hydrocar- 
bons, alcohols, ethers, acids, etc. 

Let us now consider the spectroscopic method based on a determi- 
nation of the predissociation limit. In the case of diatomic molecules 
the predissociation limit (frequency Vprea) almost always yields 
only the upper limit of the dissociation energy: 


D < hvpred: (49.14) 


However, when it is possible to observe a break-of in the rota- 
tional structure in several vibrational levels of the molecule and 
thus to establish the trend of the perturbation curve, the pre- 
dissociation method is an extremely precise method for determin- 
ing the magnitude of D. Such is the case for the molecules H,. 
N, CO, P, and SO. In a number of cases (including four of 
the above five), difficulties arise because it is impossible to give 
an unambiguous solution to the problem of the state of the dis- 
sociation products of a predissociating molecule. For example, a 
strictly definite limit of ‘dissociation (from ‘prea for several 
bands) of the P, molecule lies at 116.03 kcal/mol. Identification 
of this number with the heat of dissociation of P, is based on 
the assumption that in the region of predissociation the P, mole- 
cule decomposes into the atoms P(‘S) and P(*D). Another pos- 
sible value of the heat of dissociation of P, equal to 94.98 
kcal/mol is obtained if we consider the atoms P ('S) and PGP) 
io be the products of dissociation, The latter value must, appar- 
ently, be considered less probable. 
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In the case of polyatomic molecules, the sharp limit of predissocia- 
tion probably rather closely coincides with the dissociation energy, as 
far as it is possible to judge from the few known examples. One such 
case is observed in the spectrum of NO,, from which we have 
70.8 kcal/mol for the dissociation energy corresponding to the proc- 
ess NO, — NO --O, whereas thermochemical data yield D* — 69.6 
kcal/mol. In the majority of cases, the predissociation limit in 
the spectra of polyatomic molecules is highly diffuse, and its deter- 
mination yields only the upper limit D. 

Of late, the mass-spectroscopic method of determining the bond 
energy has become widespread. This method consists in electron 
bombardment of the molecules of the gas under study, in measur- 
ing the minimum energy of the bombarding electrons at which 
appropriate ions— detected by their mass spectrum — make their 
appearance (appearance potential of ions of this kind) and in 
measuring the energy of these ions. Of greatest interest from the 
viewpoint of determining the bond energy is the following process: 


RR, - e— R;* +R, 4- 2e. 


Knowing the energy of this process, E,, and the ionisation potential 
of the radical R,. we can obtain from equation 
D—E, — elg, (49.15) 


the bond energy R, — R, (D). E, is found from the appearance poten- 
tial of the R; ion, i.e., from the minimum energy of the bombard- 
ing electrons at which the formation of these ions is observed. 

The ionisation potential of the radical R, in formula (49.15) may 
be measured directly by means of the electron impact method. 
When R, is an atom, the value of its ionisation potential can be 


obtained spectroscopically. 
Stevenson, who first applied the above-described method for 


determining bond energies, proposed another method that dispenses 
with the ionisation potential of the resultant ion. To illustrate, let 
us consider the case of the H,C—H bond, the energy of which 
was also obtained via the measured ionisation potential of the 
radical CH, (first method). Summing the equalities 

RCH, =R*-++CH,--e— Encu, 

R*-EH-Ee- RH J-Egi 

CH, -+ RH — RCH, + 2H-+ AHon,-+ AHnu — AHrcn, — 2AHa 


we get 
CH,=CH,+H—Dycun 


17 —3038 
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where 
Duc —H= Ercu, — Eru — AHcu,— AHru + 
TDL ae: em (49.16) 


Thus, by measuring the appearance potential of the R* ion under 
electron bombardment of RH and RCH,, i.e, the quantities Ern 
and Egcu, (it is taken here that the energy of R* is equal to 
zero), we find Dic u from the known heats of formation of meth- 
ane (A\Heu,), the substances RH and RCH, (AH nu and AH nc, 
and atomic hydrogen (AHu), using (49.16). In the first experi- 
ments, Stevenson took ethane C,H, (RH) and propane C,H, (RCH,), 
ie, R—C,H, From the measured values of Ecu, = 15.2 eV, 
Ecm, = 14.5 eV and from the known heats of formation ( — AHcu, — 
— AHcnu, + AHans +2AHu=5.08 eV) it follows that Duc- H= 
= 4.4 + 0.2 eV, which coincides with the value obtained by means of 
the ionisation potential of CH,. 

Let us briefly dwell on the theoretical determination of the energy 
of chemical bonds. Theoretically, the dissociation energy of a given 
bond, for instance the energy of the R, — R, bond in the molecule 
R,R, may be calculated as the energy diference of the particles 
R, and R, and the molecule R,R,. The mean energy of the bonds 
is determined from the heat of atomisation, which is obtained as 
the difference between the energy of all the atoms of the given 
molecule and the energy of the molecule. Thus, the theoretical 
problem of determining bond energies reduces, in the final analysis, 
to calculating the energy of the molecules. 

However, even in the case of the simplest diatomic molecules, 
this calculation, which consists in the solution of the quantum-me- 
chanical problem of the interaction of a definite number of elec- 
trons and nuclei, encounters tremendous mathematical difficulties. 
Suffice it to say here that it was only in the 17th approximation 
that caleulation of the H, molecule (a system consisting only of 
two electrons and two nuclei) gave a heat of dissociation of H, 
that coincided with the experimental value (see p. 288). The heats 
of dissociation of certain other simple diatomic molecules were 
calculated with less accuracy. 

Substantial progress in this field should be expected with the 
development oi computer techniques. The molecules O, and N, 
were the first to be attacked by computing machines. Meckler 
calculated the heat of dissociation of O,, which came out only 296 
less than the true value (116 in place of 118 kcal/mol). Using 
two computational methods (variational and electrostatic) for the 
heat of dissociation of nitrogen, Brüchner obtained 227.07 and 
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227.95 kcal/mol, which difier from the true value of 225 kcal/mol 
by roughly 196. 

Naturally, the calculation of triatomic and more complex mole- 
cules is a still more difficult problem. As yet there is not a single 
satisfactory solution Therefore, of interest are various semi-empirical 
methods of calculating complex molecules that in part utilise experi- 
mental data, in this way greatly simplifying the computations. 

Bond dissociation energies. Table 56 gives the heats of dissocia- 
tion of some diatomic molecules. These heats are of interest in that 
they serve as the initial data for determining the bond energies in 
other diatomic and polyatomic molecules. 

Table 56 


Heats of dissociation of certain diatomic molecules in kcal/mol at 0°K 


H, | 103.24 || O, |117.96]| N, | 225.09 || F, |38.5 | HO 
HD | 104.05 || S, | 98.5 || P, | 116.03 || Cl, |57.10|| CO 
D, | 105.02 | Se | 65 || As, | 90.8 | Br, |45.44| NO 
Hf | 61.07 | Te, | 53 | Sb, | 70.6 Ll |35.57| SO 


101.4 
256.14 | 
152.3 


123.6 


In this table, the heats of dissociation of H,, HD, D,, Hy, N, 
CO, O,, CL, Br, and I, are exact values; the errors do not exceed 
hundredths of a kcal/mol. The heats of dissociation of nitric oxide 
and hydroxyl may be considered accurate to within +0.9 and 
+0.5 kcal/mol, respectively. The heats of dissociation of the other 
molecules given in Table 56 (S, Se, Te, P, As, Sb,, SO) are 
dependent upon certain assumptions, the validity of which has as 


yet not been definitively proved. 
It may be noted that the heat of dissociation of CO is connected 
with the heat of formation of gaseous carbon AHc by the relation 


Dco — AHc-++ 4 Do, — AHco 


from which it follows that AHc = 169.96 kcal. AHc is of funda- 
mental significance for computing the bond energies in molecules of 


organic compounds. 
The heat of dissociation of NO may be obtained from the heats 


of dissociation of N, and O, and the heat of formation of NO from 
the formula 


Das — (Da, + Dn.) — AHan. (49.17) 


On the basis of (49.17), we can calculate the heats of dissociation 
oi many other molecules. For example, from the well-known heats 
of formation of the halogen hydrides HX and the heats of dissocia- 


17* 
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tion of hydrogen and the halogen molecules we obtain the follow- 
ing heats of dissociation of HX molecules (at 0°K): 134.1 (HF), 
102.2 (HCI), 86.5 (HBr), and 70.5 (HI) kcal/mol. In the same way, 
from. the heats of formation of gaseous alkali-halogen salts MeX 
(Me stands for an alkali metal atom) and the heats of dissociation 
of halogens we get the most precise values of the heats of dissocia- 
tion of MeX molecules. 

The heats of dissociation are also used for calculating the ener- 
gies of splitting of complex molecules into atoms (heats of atomisa- 
tion). For instance, from the heat of formation of water vapour 
AHi,0 =57.11 kcal (at 0°K) and the heats of dissociation of H, 
and O, (Table 56) we get 219.3 kcal for the heat of atomisation oi 
H,O. The heats of atomisation are of prime importance in deter- 
mining the average bond energies (see below). 

It may be noted that when the heat of formation of a substance 
AB is unknown, the following procedureis often resorted to to find 
the heat of dissociation. Pauling and Jost postulated the additivity 
of the energies of single covalent bonds; by this the energy of a 
normal covalent bond between unlike atoms A and B is equal to 
the arithmetical mean-of- the two energy values Da, and Dy,. Later, 
however, it was found that this postulate had to be replaced by a 
similar geometrical-mean postulate. According to the latter, the 
energy of a normal covalent bond between atoms A and B is 

1 


(Dy,Dp,)*. Here, the difference between the true energy of dissocia- 
tion and the value obtained for the geometrical mean must be the 
less the smaller the difference between atoms A and B as regards 
electronegativity, i.e., the more covalent the bond in the AB 
molecule. 

. However, it will readily be seen that this method of determin- 
ing the dissociation energy is suitable only for a rough evaluation 
of this quantity. Indeed, taking advantage of the data in Table 56 
and calculating the heats of dissociation of NO and HO molecules 
from the formula 


Dag — V Da,Ds., (49.18) 


we get 163 kcal/mol for NO in place of 152, and 111 for HO in 
place of 101, i.e, values that exceed by 10% those given in 
Table 56. A still greater discrepancy is found in the case of halo- 
gen hydrides where the values of D calculated from (49.18) are less 
(‘than the true values by 14 to 54%. 

The bond dissociation energy in saturated molecules and radicals 
is a quantity that is of interest both from the viewpoint of the 
‘structure. of these particles and for elucidating the kinetics and reac- 
-tivity of the compound. This ‘quantity may be calculated from the 
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following equation: 

D (R, — R;) = AHn, + AHg, — AHR, pr, (49.19) 
from the heats of formation AH of the appropriate molecules, radi- 
cals, and the particles formed in their decomposition. Table 57 


gives the quantities thus obtained for some of the simplest mole- 
cules that decompose with rupture of a simple chemical bond. 


Table 57 


The energy of decomposition of molecules into two univalent radicals 
at 25°C (in kcal/mol) 


H |cu,|c,H,| C,H, |NH,| OH }|CN|NO|NO,| Cl | Br | I 
H |104.9| 103 | 98 | 102 | 104 | 119.2] 114] — | — | 103.2) 87.5 | 71.4 
CH, |103 | 86] 84] 90 | 81} 89 | 90) — M9 | 82 | 68 |54 
C,H,| 98 | 84] 80} 8 | — | 9) |—| — [B6 | 80 | 65 51 
C,H, |102 90 | 88 | 98 90 |105 | — | — |62 85.6| 70.9 |57 
NEOA B E= 1) Aala SOEI maler mi rade SERES 
OH |119.2| 89| 90 |105 | 63|50 |— | 9! j5! e ET uae 
“CN |114 w = — | —|— |m|-|-]|.8 | 75 9) 63 
Now| open | ef) Les eg N 2383 2229) 976-1998. 04030369) = 
No, | — | 59] 56] 62 |— | 51 |—]9.613.7 — | — | — 
CI |103.2| 82|80| 85.6| — | — 85|38.0| — | 58.0] 52.5 |50.3 
Br | 87.5| 68|65| 70.9) — | — 75|30.6| — |.52.2| 46.1 | 42.5 
1 | 71.4] 54/51} 57 | —|— 63| — |.— | 50.3] 42.5 | 36.1 


Of great interest is the dissociation energy of simple chemical 
bonds in the homologous series. From general reasoning that follows 
from ordinary concepts concerning the mutual interaction of atoms in 
molecules it may be concluded that as radicals become more complex 
in the molecules that form the given homologous series, for example, 
the aliphatic radical Rn=Cn Hj, in the series Ry —X (X—H, 
OH, halogen, C,H,, etc.), the energy of the Rn—¥* bond must 
tend to a certain constant value. An analysis of experimental data 
referring to paraffin hydrocarbons (both normal and of isostructure) 
carried out by Voyevodsky yielded 77.6 kcal/mol as the limiting 
value of the C; H; 4.1 — H bond energy. The decrease in bond dis- 
sociation energy when passing from methane to ethane and other 
heavier hydrocarbons is to be explained, according to Voyevodsky 
by the inductive eflect of CH, groups. Proceeding from this assump- 
tion, Voyevodsky obtained for the C—H bond dissociation energy 
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the following equation 
De-H=D (Cn Hin pı — H) =77.6+8.00.4* (49.20) 


where k; is the number of C atoms in each of the three radical 
chains R,, R,, and R, 
R, 


| 
xm ERA 
H 


For example, in the case of 
CH, 


| 
H,C—C=CH,CH, 
| 
H 


we have k, —k, — 1 and k,==2. The energy values, obtained from 
(49.20), for the detachment of an H atom from various hydrocar- 
bons are in good agreement with experiment. 

A formula similar to (49.20) was derived by Voyevodsky also 
for the C—C bond dissociation energy in paraffin hydrocarbons. 

With respect to known experimental data on the bond energies 
in: homologous series we note that in the case of the series Rì — H, 
Rn—CH,, Rn—C,H,, Rn—C,H, the C— X bond energy dimin- 
ishes, in accord with theoretical reasoning (see p. 505), with increase 
in the number of the series term (n) and tends to a certain constant 
value. Unlike these series, the energy of the C— OH bond in al- 
cohols fluctuates about a certain mean value, which for normal 
alcohols is 89.4 kcal/mol. The same constancy of bond energy is 
observed in the homologous series of ethers Ra — OR, and also of 
co a RONO, alkyl nitrates R,ONO,, and alkyl peroxides 
Rn n. 

From the foregoing it may be concluded that the bond energies 
in the homologous series of diflerent compounds retain approximate 
constancy if the participant in the bond is an oxygen atom (C — O 
bond in alcohols and ethers, O—O in peroxides, and N—O in 
nitrites and nitrates), while the C—C and C—H bonds exhibit a 
monotonic decrease to a certain constant value. 

This decrease in the R; — X bond energy in the case of X — H 
and CH, (and also in the case of X — I and Br) and the practically 
constant bond energy in the case of X — OH (alcohols) is correlated 
by Baughan, Evans, and Polyani with the particular stability of 
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R,—OH molecules that is due to the considerable weight of the 
ionic structures Ra — O-H* and R;'O-H. 

If the decomposition of a molecule of a paraffin hydrocarbon 
(Ca H»,..2) with rupture of the C— H bond involves the expendi- 
ture of 100-80 kcal/iaol and of the C — C bond with 85 to 75 kcal/mol, 
then the corresponding decomposition of alkyl radicals Cn H2n41 takes 
about 40 kcal/mol and 25 kcal/mol respectively. This decrease in 
the C—H and C—C bond energies when passing from saturated 
compounds io radicals is caused by the fact that in the decomposi- 
tion of the latter the expended energy is partially compensated for 
by the energy released as a result of the formation of a new bond, 
as is evident from the following scheme: 


2 H H H 
| Usi ed 
erem Lic 2a CE EC 
| asl 

H H H H 


This compensation is absent in the decomposition of saturated com- 
pounds. 

If as the result of the rupture of a simple chemical bond in 
the dissociation of saturated molecules there appear free univalent 
radicals, the rupture of a double bond leads to the formation of 
bivalent radicals, biradicals, or valence-saturated molecules. For 
instance, biradicals can form by rupture of the double C— C bond 
in the ethylene molecule H,C=CH,—2CH, or in the propylene 
molecule H,C— CH — CH, — CH, -+CH — CH,. It might even be 
that in the latter case there occurs, simultanecusly with the rupture 
of the double bond, a displacement of the H atom in the biradical 
CH — CH, that leads to the formation of a new double bond, and 
the process follows the scheme H,C — CH — CH,— CH, + H,C=CH,. 
Due to partial compensation, the latter is more advantageous ener- 
gelically than a process that leads to the appearance of two biradi- 
cals. Indeed, whereas the rupture of the C=C bond in propylene 
(it leads to the formation of two biradicals) requires 146 kcal/mol, 
decomposition into CH, and H,C=CH, requires an energy of only 
85.6 kcal/mol, which is close to the dissociation energy of a single 


C—C bond. 

The compensat 
for the molecule to decompo 
the case of the decomposition of 2-but 
two molecules of ethylene we have CH,CH 
23 keal/mol or in the case of the decomposition of 2-penten 


ion effect is naturally greater when it is possible 
se into two olefines. For instance, in 
ylene CH,CH — CHCH, into 
—CHCH, = 2C H,, 
e into 
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ethylene and propylene CH,CH = CHCH,CH, = CH, + C.H, 
25 kcal/mol. 

In addition to total rupture of a double bond we can also have 
‘a partial rupture, i.e., the transformation of a double bond into 
a single bond, as a result of which the molecule passes into the 
state of a biradical without decomposing, for instance, H,C = 


l 
=CH,— H,C—CH,. The energy of this process (65 kcal/mol) 
was obtained as the energy expended on cis-trans-isomerisation of 
dideutero-ethylene that is accomplished via the intermediate bi- 
radical state: 

HO EL CH iat gD 

(gral I Pa] 

C=C——C—C——C=C. 

hess Ia e 

DD DOE DH 


Biradical states are most frequently encountered experimentally 
among the aromatic compounds, in the case of which the energy 
of transition into the latter, i.e., the energy diference between 
the biradical and ground states of the molecule, is particularly 
small. For example, the excitation energy of the biradical state of 
the paraquinodimethane molecule 


IT 
Hee ncm 


is only about 10 kcal/mol. Because of the low excitation energy 
of the biradical state, the concentration of biradicals of paraquino- 


dimethane 
| 
HC-( J-Ch, 


is very considerable already at room temperature. 
Another example is the Chichibabin hydrocarbon 


(C,H C= mm a E =C (CH). 


for which the excitation energy of the biradical state 


ce | 
CHK Y) LON cen, 


is estimated at several, kilocalories. The ease with which biradi- 
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cals are formed in these cases is due to the large energy gain in 
the formation of aromatic rings. In this sense, we can again speak 
of the compensation effect. 

Transition to the biradical state frequently signifies a transition 
of the molecule from the ground singlet state to an excited triplet 
which is one of the electron states of the given molecule. For this 
reason, in addition to thermal excitation, direct radiative excita- 
tion of the biradical state of the molecules is possible to the extent 
of probable intercombination transition from the singlet to the 
triplet state. Terenin demonstrated that the biradical triplet states 
of molecules play a very great part in photochemical reactions, 
particularly in the reactions of various dyes. And Terenin established 
that under the conditions of a photochemical reaction the biradicals 
can make their appearance both by means of a direct radiative 
transition to the triplet state and via an intermediate excited sin- 
glet state with subsequent transition to the triplet state upon col- 
lisions with molecules. In the case of radiative excitation of birad- 
ical triplet states the excitation energy can obviously be determined 
directly from the positions of the respective absorption bands in 
the spectrum of the given compound. This energy can also be ob- 
tained theoretically. 

It may be added that in a number of cases the triplet biradical 
state has been detected by measuring the paramagnetic susceptibil- 
ity of the compounds. This measurement is possible due to the 
considerable concentrations of excited molecules, which concentra- 
tions are in turn possible because triplet excited states are metasta- 
ble and, hence, comparatively long-lived electronic states of 


molecules. 
f considerable interest is the bond energy of 


Proton affinity. O 
various neutral particles (molecules and radicals) with the proton. 
It has been established, for example, that molecular ions of water 


H,O*, which initially form in an electric discharge in water vapour, 
t with H,O molecules. this yields hydroxonium H,O* and 


interac 
hydroxyl OH. It will readily be seen that the thermal effect Q of 


the process 
H,O* +H,O= H,0* J-OH 


ce of the heats of proton attachment 


can be expressed as the differen 
dical, i.e., as the difference 


to the H,O molecule and to the OH ra 
of proton affinity of H,O and OH: 
Q=Pu.0 — Pon- 
Proton affinity also determines the thermal effects of the forma- 
tion of alkyl ions from protons and olefine molecules or complex 
alkyl ions from simpler ions and olefines. 
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Table 58 gives the values of proton affinity of free and hydro- 
genated atoms O, N, and C. These values are obtained for atoms 
and radicals from measured ionisation potentials and the heats of 
dissociation of the appropriate radicals.* The proton affinity of the 
NH, molecule was obtained indirectly. 

Table 58 


Proton affinity of free and hydrogenated atoms 
of oxygen, nitrogen, and carbon (in kcal/mol) 


OH 
OH, | 169] NH; | 202 


The values of proton affinity of H,O and CH, molecules have 
been measured by Frankevich and Talroze. In Table 58 we note 
a regular increase in proton affinity of the O and N atoms with 
their increasing degree of hydrogenation and the absence of an anal- 
ogous regularity in the case of carbon. It is extremely probable that 
the sharp decrease in proton affinity in the transition from CH, to 
CH, is due to the absence of an unshared electron pair in methyl. 

Other alkyl radicals, halogen atoms, olefines and other substances 
also display substantial proton affinity. Some of the relevant data 
are given in Table 59, 


Table 59 


Proton affinity of halogen atoms, alkyl radicals 
and the simplest olefines (in kcal/mol) 


Halogens Alkyl radicals Olefines 
E (120) CH, 118 | CGH, 156 
Cl | 124.5 C,H, 144 | CH, 176 (H-C,H,) 


134.5 C,H, 156 | C,H, 184 (iso-C,H,) 
n—CGH,| 166 | C,H, | 195 (tert-C,H,) 


Average bond energies and the rule of additivity of bond 
energies. The bond energies in the simplest molecules, such as HO; 
NH,, CH, or Cl,O, NCI,, CCI,, which contain the same bonds, may 


* For example, the proton affinity of an oxygen atom is Po — Dog + 
"elg — elo, where Doy is the heat of dissociation of OH, Ij and Io, are 
the ionisation potentials of H and OH. 
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be calculated from the heats of formation of the molecules and the 
heats of formation of the component atoms. For example, by calcu- 
lating the energy of formation of the methane CH, molecule from 
the H and C atoms (the energy of atomisation of methane) from the 
formula Acn, = AHc + 4AH n — AHcu,= 171.3 4 452.1 + 17.9— 
— 8397.5 kcal/mol, for the mean energy of the C— H bond in CH, 
we find, in view of the identity of all four C—H bonds in the 

. CH, molecule, Ec. = '/, Acu, — 99.4 kcal/mol. In similar fashion, 
for the mean energy of the bonds N—H in NH, and O—H in 
H,O we get En-n="/,Ann,=93.4 and Eo-n-—'|,Amo- 
= 110.8 kcal/mol. 

In the case of more complex molecules with different bonds, the 
mean energy of the bonds between respective pairs of atoms may be 
determined if we proceed from the fact that the bond energy of 
a given pair of atoms is approximately constant in different com- 
pounds. The most convincing experimental proof of this constancy 
consists in the possibility of a rather exact representation of the 
energy of atomisation of the various compounds (with single or with 
isolated * multiple bonds) in the form of a sum of the bond ener- 
gies of the respective pairs of atoms (additive formula). Let us 
consider, by way of illustration, the normal paraffins. Assuming the 
additive formula to hold, we represent the energy of atomisation of 
these compounds as the sum 


Acah = 2 (0+ 1) Ec - i + (0 — 1) Ec-c. (49.21) 


On the other hand, A may be calculated from the experimentally 
known heats of formation of hydrocarbons of the class under study: 


Acatzn+2—= nAHc 4-2 (n -+-1) AHgy — AHentisn+s: 


The experimental values, calculated from this formula, of the energy 
of atomisation of normal paraffins are given in the second column 
of Table 60. In the third column are given the values of A obtained 
from the additive formula (49.21) for the following values of the 
mean bond energies: Ec-n=98.75 and Ec-c= 82.87 kcal/mol. 

As may be seen from the data of Table 60, already beginning 
with pentane there is complete agreement of the atomisation energies 
computed from the additive formula and obtained experimentally. 
It will be noted that the mean bond energy Ec-1— 99.4 kcal/mol 
(see above) obtained from the experimental value of the atomisation 
energy of methane differs by only 0.6 from the value of 98.75 kcal/mol 


taken in the additive formula. 


* Isolated multiple bonds are bonds separated by more than one single 
bond. 
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Table 60 


Atomisation energy of normal hydrocarbons 
of the paraffin series (in kcal/mol) 


xd Ameas Acale | Ameas 7 Acalc 
CH, 397.5| 395.0 2.5 
CH, 675.3| 675.4 —0.1 
C,H, 955.3| 955.7 —0.4 
G His 1235.8 | 1236. 1 —0.3 
CH; 1516.5 | 1516.5 0.0 
C.H; 1796.8 | 1796.8 0.0 
CH, 2077.2 | 2077.2 0.0 
C,His 2357.6 | 2357.6 0.0 
C Hy; 2637.9 | 2637.9 0.0 
C,,H,, | 2918.3] 2918.3 0.0 
C\,Hy, | 3198.7] 3198.7 0.0 
CuH,, | 3479.1 | 3479.1 0.0 


Correlating the mean energy of the C— C bond with the mean 
energies of single bonds of other atoms of the same period: 
C—C N—N 0—0O F—F 
82.9 75.3 59.5 37.6 
we note a decrease in bond energy from carbon to fluorine. 
From the additive formula for the atomisation energy of normal 
alcohols 
AcnHansion = (2n + 1) Ec-u + (0— 1) Ec-c4- 
-FEc-o--Eo-n (49.22) 
with the aid of the experimental values of the atomisation energy 
obtained from formula 
AcgHn+:0H = nAHc 4-2 (n 1) AHy + AHo — AHc,u,,, OH 
and the above-obtained mean values of bond energies Ec- n — 98.75, 
Ec-c== 82.87, and Eo.4—110.8 kcal/mol, we get Ec-o= 
= 85.5 kcal/mol for the mean energy of the C—O bond in alcohols. 
A value of Ec_o close to this is obtained from the heats of for- 
mation of ethers (85.3) and also from the heat of formation of ethy- 
lene glycol CH,OH—CH,OH (85.9). Following are the mean 
energies of a single bond with oxygen for other elements as well: 
C—O N—O 0—0O F—O 
85.5 75.5 59.5 45.8 


Here Exo is obtained as *),Dyo * and Er. o as '|, Dr;o. 


E ENS calculated as !|, Ano, comes out to 74.7 kcal/mol. 
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In similar fashion we can calculate the C—N bond energy. Such 
calculation from the heats of formation of CH,NH,, C,H,NH,, 
(CH,),NH, and HCN yields, on average, Ec. —69.0 kcal mol 
M an average spread of +0.7 kcal/mol. For different elements we 
get: 

C—C C—N C—O C—F 
82.9 69.0 85.5 102.2 


Here Ec_r is obtained as '/, Acr. 

Let us also calculate the average energies of the bonds C—C], 
C— Br, and C— I. For Ec-—c from the heats of formation of CCI,, 
CHCI, CH,Cl, CH,Cl, C,HCl, C,H,Cl,, C,H,Cl,, C,H,Cl, and 
C,H,CI we get 79.2 kcal/mol, for Ec-pr from the heats of forma- 
tion of CBr, CHBr, CH,Br,, CH,Br, C,H,Br, C,H,Br, 
66.6 kcal/mol, and for Ec-1 from the heats of formation of CHI,, 
CH,I,, CH,I, C,H,I,, and C,H,I, 52.4 kcal/mol. For the average 
bond energy of different elements with the chlorine atom we get: 

c—G N—CI 0—CI F—Cl 
79.2 37.9 49.6 61.0. 


Here Ey -cı is obtained from the heat of formation of NOCI, Eo-c 
as '|,Dcio and Er-c as Dra 
It will be noted that the energy of the C—C bond in trimethylene 
CH, 


ZN 
CH,—CH, 


comes out appreciably reduced as compared with the hydrocarbons 
of the paraffin series. From the heat of formation of trimethylene 
(considering Ec-n==98.75 kcal/mol) we get Ec-c=73.8 in place 
of 82.9 kcal/mol. 
Also reduced are the energies of the C—C and C—O bonds in 
the molecule of ethylene oxide 
(0) 


ANT: 

H,C—CH, 
—98.75, from the heat of formation of ethylene 
Ec-o— 215.5 in place of 253.9 kcal/mol. 
d energies in both of the cases just consid- 
ered (this signifies a rise in the energy of the molecule) is caused 
by a deformation of valence angles that is associated with ring 
structure. Let it be noted that in the case of cyclohexane G,H,, 
where the deformation of the valence angles (tension) is absent, 


Considering Ec-u 
oxide we get Ec-c+2 
The decrease in the bon 
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calculation of the average energy of the C — C bond yields a normal 
value, 82.9 kcal/mol. , 
Smaller, but quite clearcut, diflerences in the bond energies are 
Observed also in passing from normal hydrocarbons to hydrocarbons 
of a different structure; this is directly evident from their heats of 
formation. For instance, the heat of formation of isobutane 


H 
| 
H,C—C—CH, 


CH, 


comes out to 1.6 kcal/mol more than that of normal butane 
H,C— CH, — CH, —CH,. In the same way, the heats of formation 
of the three isomers of pentane: normal pentane H,C — CH, — CH,— 
— CH, — CH,, 2-methylbutane CH,CH,CH (CH,),, and 2,2-dimethyl- 
propane (neopentane) (CH,),C are 35.0, 36.9, and 39.7 kcal/mol, 
thus differing by 1.9, 2.8, and 4.7 kcal|mol. 

Approximate constancy of bond energies is frequently observed 
also in the case of multiple bonds. For example, this constancy of 
energy of the double carbon-carbon bond occurs in the case of 
olefines, as may be seen from the data given below; calculating the 
energy of the C=C bond from known heats of formation of olefines 
of normal structure and from the earlier accepted values of Ec- n— 
— 98.75 and Ec.c— 82.97, we get, for the first twelve olefines, 
the following values of Ecc: 143.4, 146.1, 145.8, 146.1, 146.1, 
146.2, 146.1, 146.1, 146.2, 146.2, 146.2, and 146.2 kcal/mol. We 
see that beginning already with the second member of the series of 
normal olefines, Ec=c is practically constant. 

As in the case of paraffin hydrocarbons, the heats of formation 
of olefines of iso-structure turn out somewhat greater than those of 
the corresponding normal olefines. If this difference is due to the 
C—C bond, for example, in the case of pentenes, we will have: 
for 2-cis- and 2-trans-pentenes CH,CH — CHCH,CH, Ec.-c— 147.8 
and 148.7, for 2-methyl-I-butene Ecc. = 149.8, for 3-methyl-l-butene 
Ec=c= 148.0, and for 2-methyl-2-butene Ec-c— 151.3, whereas 
for normal pentene we had Ec=c= 146.1 kcal/mol. 

An appreciably diflerent mean energy of the C— C bond is also 
obtained for the compounds of certain other classes. For instance, 
in the case of allene H,C— C—CH, we have Ec=c = 140.6 kcal/mol. 

Whereas the heats of formation of olefines are known to a high 
degree of accuracy for a large number of the members of the 
homologous series, due to a lack of such data for aldehydes, ke- 
tones, carbonic acids, and their alkyl derivatives, the mean energy of 
the C=O bond in compounds of these classes may be determined 


Sec. 49] ENERGY CONSTANTS OF MOLECULES 515 


only for the first two members of the homologous series of each of 
these classes. For this reason, one can only speak conditionally of 
the average energy of the C—O bond for these compounds. 

The values of this energy obtained from known heats of formation 
of aldehydes RCHO, ketones R,COR,, and acids RCOOH are 173.0, 
181.6, and 189.5 kcal/mol respectively. Despite the rather approxi- 
mate nature of these values, variation in the average energy of the 
C=O bond when passing from aldehydes to ketones and to acids 
is, apparently, regular. The principal reason for this difference is to 
be sought in the conjugation effect (see below). 

Bond energies in conjugated systems. When a hydrocarbon mole- 
cule has two or more double bonds, the energy of the carbon-carbon 
bonds depends upon their relative arrangement. We have already 
seen that the energy of the double bond C=C in allene Hoo OH 
which is a representative of hydrocarbons with cumulated double 
bonds, i$ considerably less (140.6 kcal/mol) than the energy of the 
C=C bond in olefines, where there is no cumulation of double 
bonds (146.2 kcal/mol). On the contrary, in compounds with conju- 
gated double bonds, i. e., with double bonds separated by a single 
C— C bond, the energy of carbon-carbon bonds is always greater. 
For instance, in propylene H,C— CH — CH, or in 1,4-pentadiene 
H,C— CH — CH, — CH — CH,, in which the double bonds are isolat- 
ed, the sum oi the energies of single and double bonds Ec—c 
-+ Ec—c is 229.0 and 228.8 kcal/mol, whereas in isoprene H,C=CH— 
— CH=CH, and 1,3-pentadiene H,C— CH — CH=CH — CH, i. e., 
in molecules with conjugated bonds, this sum is 230.1 and 
932.1 kcal/mol. In the symmetric benzene molecule with its most 
perfect system of conjugated bonds, the sum of energies of two 
carbon bonds is 242.6 kcal/mol. M y 

The phenomenon of conjugation is not a specific peculiarity 
solely of carbon-carbon bonds and is observed also in the case of 
C=O and other multiple bonds; conjugation is also possible be- 
iween a double bond and an unshared pair of electrons of some 
atom (for instance, an O atom or a halogen atom). These types of 
conjugation also lead to a strengthening of chemical bonds, An 
instance of conjugation of C=O bonds is glyoxal 


of the C—O bonds is substantially higher 


i hich the ener, 
in whic gy lated C—O bonds in aldehydes (180.2 and 


than the energy of iso 
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173.0 kcal/mol). We have a case of conjugation of the C=O 
bond with an unshared pair of electrons of hydroxyl oxygen in the 
carbonic acids, for which the average value of Eco is 190 kcal/mol. 
This is appreciably greater than the value for carbonyl compounds. 
An outstanding instance of the strengthening effect of double-bond 
conjugation with an unshared pair of electrons (chlorine atom) is 
phosgene Cl,C—O, for which Eco = 183.7 (cf. Eco = 165.2 kcal/mol 
for formaldehyde H,C — 0). 

An examination of the experimental material referring to the 
energies of chemical bonds shows that the approximate constancy of 
binding energy oi a given pair oí atoms is best satisfied in the 
case of compounds with single bonds and also in molecules with 
similar structure, for example, in homologous series. But in the 
case of compounds of different classes containing both single and 
multiple bonds, the assumption of constant bond energies is extremely 
crude; this is clearly exemplified by data referring to C—O 
bonds. 

It may be stated that the constancy of bond energies and the 
additive formula that follows therefrom are justified satisfactorily 
in those cases when the valence scheme of the molecule expressed 
by the accepted structural formula is unique or at least is predom- 
inant over other possible valence schemes. Only on this condi- 
lion can the heat of atomisation of a molecule be represented (to 
a sufficient approximation) as the sum of energies of individual 
bonds constant for the given pair of atoms, i.e., the additive 
ormula 


A=DE, (49.23) 


where E, is the energy of the ith bond in the molecule. However, 
in the case of several possible valence schemes (which is particu- 
larly characteristic of conjugated and aromatic systems), we can 
obviously write — in place of (49.23) and retaining the values of 
the bond energies — 


A=A'+AA (49.24) 


where A°— SE} and AA is a term that takes into account the var- 
iations in bond energies which violate the postulate of additivity 
and which, in the final analysis, are conditioned by the mutual 
interaction of the atoms in the molecules. The quantity AA, which 
is ordinarily called the energy of conjugation or the resonance energy, 
may be calculated to a certain degree of accuracy by means of 
quantum mechanics, 

Another method of taking into account, empirically, the changes 
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that the bond energy of a given pair of atoms undergo in different 
molecules consists in the following. Depending upon the class of 
compound to which the molecule belongs, some value is assigned to 
the bond energy of each pair of atoms. In this way, we distin- 
guish the bonds Ca, —H and C,,—H, i.e., the bonds of C and H 
atoms in aliphatic and aromatic compounds, to the energies of which 
somewhat different values are assigned. The bonds Cai—Cai, Car—Cars 
Car—Car, Cai—O, Car—O, etc., are further differentiated as having 
different energies as well. 

This empirical method has been most consistently applied by Ta- 
tevsky, who used hydrocarbons of different S 
strated that by introducing the concept oi the types of C, C and C, 
H chemical bonds, which is determined by the position of the given 
bond among the other bonds in the molecule, and by assigning to 
the bond energy of each type a definite and characteristic value, 
it is possible (by means of an appropriate equation) to compute to 
a sufficiently high degree of accuracy the heats of atomisation and 
the heats of combustion of any hydrocarbon. 

The additive formula, as a purely empirical formula (in the more 
simple and crude form that it is ordinarily used or in the more 
complex form proposed by Tatevsky that takes into account a va- 
riety of types, and even subtypes, of bond of a given pair of atoms), 
requires theoretical substantiation and a theoretical establishment 
of the range of its applicability. This problem reduces to the gen- 
eral problem of the molecule, a rigorous solution of which, how- 
ever, encounters great mathematical difficulties. 

In a number of cases the bond energies do not remain constant 
even very approximately. Thus, from the heat of the reaction 
N,J-O—N,O we have for the energy of the N—0O bond 39.9 
kcal in place of the normal value close to 150 kcal. There is a 
large diference in the energies of the Hg—X (X =Cl, 
Br, I) bond in the molecules HgX, and in the radicals HgX: Eug-x 

i molecules is 2 to 3 
times the heats of dissociation of Hg—X radicals. As already point- 
ed out (p. 303), this great lack of constancy of bond energies in 
these and analogous cases is to be explained by excitation of va- 


lence, ie., by the variations of energy associated with changes in 


Double-bond character. In concluding this section let us consid- 
er the problem of the relationship between the bond energy of a 
given pair of atoms and the distance between these atoms (bond 
length) in the molecules of different compounds. From calculations 
of the energy of chemical bonds in diatomic molecules it follows 
that between the energy of the bond (the heat of dissociation) and 
the equilibrium distance between the atoms there is an inverse rela- 
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tionship that finds expression in a decrease in the equilibrium dis- 
tance with strengthening of the molecule. This relation is reflected 
in numerous empirical formulas connecting D and r. A similar re- 
lationship exists between the bond energy of a pair of atoms and 
the length of the respective bond in the case of polyatomic mole- 
cules as well. 

Fig. 126 gives the earlier found C, C- and C, O-bond energies 
in different molecules as a function of the distance between the 
corresponding atoms in the molecule, These data for C, C-bonds 
refer to ethane H,C—CH, (82.9 kcal/mol, 1.543 A), benzene C,H, 
(121.3 kcal/mol, 1.387 A), ethylene 
H,C—CH, (143.4 kcal/mol, 1.353 A), al- 
lene H,C=C=CH, (140.6 kcal/mol, 
1.309 A), and acetylene HC=CH (195.0 
keal/mol, 1.207 A); it is ‘assumed that 
the additive formula holds for heats of 
atomisation of these compounds for 
Ec—-n = 98.75 kcal/mol. The data for 
C, O-bonds refer to CO (257.2 kcal/mol, 
1.131 A), CO, (192.2 kcal/mol, 1.163 A), 
and to methyl alcohol CH,OH (80.2 
keal/mol, 1.427 A), for which it is 
taken that the additive formula holds 
for Ec-y=98.75 and Eo. 4—110.8 
kcal/mol. An analogous monotonic rela- 
lionship is observed between the energy 
and the bond length in the case of other 
pairs of atoms as well. Attempts have 
likewise been made to establish analytical 
relations between E and r. 

IG ry | The curves in Fig. 126 are in close 
Rn DER accord with the so-called double-bond- 
incon enerey (E) onde bong Character curve introduced into the theory 

gy (E) and bond T 5 
length (r) in different mole- Of chemical bonds by Pauling. The term 
cules “double-bond character” signifies the de- 
gree to which a bond between a given pair 
of atoms (carbon atoms, for instance) approaches a double covalent 
bond. In the case of two carbon atoms, the degree of the double- 
bond character of an isolated single C—C bond is assumed equal to 
zero and that of an isolated double bond, to unity. In the benzene 
molecule with its six identical carbon-carbon bonds, each of which 
may be considered 50°/, single and 50°), double, the degree of double- 
bondedness is assumed equal to one half. Finally, in the case of 
graphite, the valence scheme of which may be represented (schema- 
tically) by the following structure: 


200 


100 


Gc 
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the degree of double-bondedness will, obviously, be equal to one- 
third because here, on the average, every third bond is double. The 
double-bond-character curve plotted from these four points is shown 
in Fig. 127; the abscissa is the degree of double-bondedness x, the 


Fig. 127. Double-bond-character curve 


ordinate is the distance between carbon atoms in ethane (1.543 A), 
graphite (1.42 A), benzene (1.387 A), and ethylene (1.353 A). 
Àccording to Pauling, the double-bond-character curve may be ap- 
proximately represented by the following formula 


3x 
r=rn— gpi OT) 


where r, and r, are the distances between the given pair of atoms 
in isolated single and double bond, r is the distance between these 
atoms in the case of a bond intermediate between double and single. 
On the basis of the curve in Fig. 127 and similar curves plotted 
for other pairs of atoms, one can judge the nature of the respective 
bonds, and this is of great interest for elucidating the nature of 
bonds in general. 


50. Vibrational Frequencies of Molecules 


Relations between vibrational frequencies. The vibrational fre- 
quencies of molecules are the next important molecular constants 
after the dissociation energy and the energy of chemical bonds. As 
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may be seen from (37.8) (p. 354), we have the following approximate 
relationship between the heat of dissociation of a diatomic molecule 
D and the vibrational frequency o: 


o~ D. (50.1) 


From this equation it follows that the greater D the greater should 
be the vibrational frequency. Experiment shows that this relation- 
ship is qualitatively fulfilled in practically all cases. 

One of the most reliable and exact methods of experimental de- 
termination of the vibrational frequencies of molecules is the spec- 
troscopic method, developed for the study of the structure of rota- 
tion-vibration (infrared) and electronic spectra, and also Raman 
spectra. Very important for analysing the vibrational structure of 
the spectra of complex molecules (due to the great comlexity of 

. these spectra) is the possibility of theoretically establishing defi- 
nite relationships between the separate frequencies of a given mole- 
cule (o) and also between the frequencies o; and those of the cor- 
responding diatomic molecules. To illustrate, we take the case of 
linear vibrations of a symmetric triatomic linear molecule YXY. 

To establish a relationship between the frequencies of this type 
of molecule, one has to solve the problem of small vibrations of 
the molecule. Its potential energy U may be given approximately 
as 


U(q,, qo» q) =f, (q,) nih (q,) +f, (q;) 


where q,, q,, and q, are the relative displacements of the atoms. 
The functions f,, f,, and f, represent the interaction energy of atoms 
Y and Y(f,), Y and X (f,), and X and Y (f. Disregarding the 
interaction of the end atoms (Y and Y) due to the great distance 
between them and expanding the functions f, into a Taylor series in 
powers of qj, we get (to a first approximation 


) 
EE REDE ESTO 
UU +5 (2) a--5 (22) «t 
By virtue of the symmetry of the molecule, obviously, 


(s), = (82) 7" 


0 


and, hence, 
k 
U—U (0) +5 (a +4). (50.2) 
Then writing the expression for the kinetic energy of the vibrations, 


T= + (mv? 4- Mv? + mv?) 
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where v,, v,, and v, are the velocities of the atoms Y, X, and Y, 
m is the mass of the Y atom and M is the mass ‘of ihe X atom, 
and introducing the relative velocities of the atoms 


q,—v,—v, and q,—v,—v 
and the velocity of the centre of gravity of the molecule 


mv, + Mv; + mv, 
peccare ame 


we can transform the expression for T to 


1 M ^ 4 h 2 M. 
Te [rers aw sys de] + ve (60.3) 


Further, combining expressions (50.2) and (50.3) to form the Ha- 
miltonian function 
H=T+U 


and finding the momenta p, and p, that correspond to the coordi- 
nates q, and q,, 


oH m(M-d-m); | 


mê H 
P=, Mpm bT N3-2m dr 


and 
oH m (M 4- m) - 5 
h= 3 MF d ca 


we obtain the canonical equations of linear vibrations of the mole- 
cule 


M 
Seon Gc aaa it Ka 
m (M + m) m? "n. 
M-+ 2m rer d, Tr ka, —0. 


Solving these equations by substitution of q,— qie" and 
q,— diet we get (eliminating q, and q,) 


k= —g-Eas (M m dc m Gao)". 
From the latter expression we find the frequencies o, and @,: 
1 jy M--2m 
Fon k mM 60.9 
and 
= AVE (50.5) 
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It will be noted that the frequency of asymmetric vibrations o, in 
which all three atoms participate depends on the masses oí all the 
atoms, whereas the expression for the frequency of symmetric 
vibrations performed only by atoms Y involves only the mass of 
the latter. 

From (50.4) and (50.5) we get the following relation between the 


frequencies o, and o,: 
o; M+2m 
qum Pate: (50.6) 


Using this relation it is possible to calculate one of the frequencies 
oi the given molecule if the other frequency is known. The degree 
of accuracy of this calculation may be judged from the following 
data. Obtaining from (50.6) the relation of frequencies of the mol- 
ecules CO, and CS,, we get 1.92 and 2.52, whereas experiment 
yields 1.83 and 2.32, respectively. It is also possible to establish 
relationships between the individual frequencies similar to (50.6) for 
more complex molecules, thus greatly simplifying the analysis of 
their vibrational terms. 

The o, frequency of the YXY molecule that corresponds to bend- 
ing vibrations cannot, of course, be derived from a consideration 
of linear vibrations due to central forces. To calculate this fre- 
quency, it is necessary to introduce a certain constant A, similar to 
the constant k and characterising the quasi-elastic forces that arise 
in the deformation (bending) of the molecule. Using the constant A, 
we can express the frequency o, by the formula 


1 | M+ 2m 
oat Vane, (50.7) 


Experiment shows that as a rule the constant A is less than con- 
stant k by one or two orders of magnitude. 

Let us consider the case of a symmetric triatomic molecule of 
triangular structure, such as H,O, CI,O, SO,. In this case, solution 
of the problem of small vibrations of the molecule leads to the 
following equation for frequencies o,, œ, and o,: 


mA gni. mA? k 1 
(1e —1— 5 sin a) m) -2 (i 
A k 2 
-F' cost 8) SE (M+ 2m) cos e] —0 (508) 
where k and k' are constants of a quasi-elastic bond between the 
atoms Y, Y and Y, X, respectively; m and M are the masses oi 


atoms Y and X, and 28 is the angle / YXY. Equation (50.8) has 
three independent roots À,, A, and A, which yield three vibrational 
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frequencies @,, @,, and o, that are determined from the relations 
1 
91— 5 V ^. (50.9) 

The molecular vibrations corresponding to these three frequencies 
were displayed in Fig. 83 (p. 352). It will readily be seen that these 
vibrations pass into the vibrations of a linear molecule (Fig. 82) as 
the angle 26 increases to 180°. 

It will be noted that the triangular molecule YXY has three mo- 
ments of inertia (three rotational degrees of freedom) and, hence, 
the number of its natural frequencies is 3N —6— 3. This is the 
number given by the previous calculation. 

We shall illustrate the possibility of caleulating the vibrational 
frequencies of a complex molecule from the frequency of a diatom- 
ic molecule in the case of halogen compounds of zinc, cadmium, 
and mercury. The Raman spectrum, the dipole moment and other 
properties of these molecules as well as electronographic measure- 
ments show that they are linear in the gaseous state and in nona- 
queous solutions. Consequently, the frequencies of valence (linear) 
vibrations of these molecules (o, and ,) may be expressed by the 
formulas (50.4) and (50.5). For the frequency of the diatomic 
molecule YX we have the expression 


o=e Vu (60.10) 


From a comparison of (50.4), (50.5), and (50.10) it follows that 
k M 
o,=0 mm and o, V Eg ra: (50.11) 

in order to make use of formulas (50.11) it is necessary to know 
the relationship of the constants k and k,. Comparing expressions 
(50.10) and (50.1), we can put k, proportional to the ‘heat of dis- 
sociation of the YX molecule (D,). Assuming a similar relationship 
in the case of triatomic molecules, we put constant k proportional 
to half the heat of atomisation of the YXY molecule. 
Consequently, — and equations (50.11) transform to 
o o 


D M 
o=o 3D. Em and o,—o V sp sp: (50-12) 
Since the vibrational frequencies of diatomic molecules ZnX, 
CdX, and HgX (X=Cl, Br, I) are known from their spectra,* 


1 


* o, cm ^! Q, cm^! ©, cm7 


ZnCl 350.5 CdCI 330.5 HgCl 291 
Z CdBr 230 HgBr 186 


ZnBr — 
Znl 223.5 CdI 178.5 — Hgl 126 
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just like the corresponding quantities D, and D (see Table 30, p. 303), 
it is possible, from (50.12), to calculate the frequencies o, and o, 
of molecules ZnX,, CdX, and HgX,. These values of œ, and œ, 
iogether with their measured values, are given in Table 61. 


Table 61 


Vibrational frequencies of molecules ZnX,, 
CdX,, and HgX, (X — CI, Br, I), measured and 
calculated from the vibrational frequencies of 
diatomic molecules ZnX, CdX, and HgX (in 
cm^!) The calculated values are given in 


parentheses 

Molecule w, cm~! Wa, CMT! | s, eer] 
ZnCl, 516 (507) — — (348) 
ZnBr, 413 — — 
Znl, 340 -— — 
CdCl, 427 (471) — — (357) 
CdBr, 315 — — 
Cdl, 265 (250) — 137 (138) 
HgCl, 413 (413) 70 355 (355) 
HgBr, 293 (294) 4l 220 (220) 
Hgl, 237 (237) 33 155 (157) 


It is seen that the calculated values are in satisfactory agreement 
with the measured values. In the case of HgX, the agreement is 
practically complete. Apparently, this is due to the high accuracy 
of D, and D in this case. 

It may be noted that an analogous calculation of the frequencies 
of valence vibrations of the molecule CO, from oco — 2168 cm-', 


Doo = 256.1 and + Dco, = 190.9 kcal/mol yields o, = 2350 cm~’ 


and o, = 1230 cm~ in place of the observed 2350 cm-' and 1286 cm. 
The worse agreement of quantities , should be attributed here to 
Fermi resonance (see p. 360). 

Characteristic frequencies. Measurements of the vibrational fre- 
quencies of different molecules show that molecules containing a given 
pair of specifically bound atoms or a given group of atoms have 
close frequencies. This permits speaking of characteristic frequencies 
of individual groups (called chromophoric groups). 

To illustrate, Table 62 gives the characteristic frequencies in the 
homologous series of mercaptans RSH, nitriles RCN, and amines 
RNH,(R is the alkyl radical). From this table it is seen that for 
homologous mercaptans we have a characteristic frequency close to 
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2570 cm-', for nitriles, 2240 cm-', and for amines, frequencies 
3320 and 3370 cm-'. 
Table 62 
Characteristic frequencies in homologous series 
(in em?) 
Mercaptans Nitriles Amines 
T 
GH; 2572 2249 3372 3315 
C,H; 2570 2943 3369 3310 
CH 2575 2244 3377 3320 
C,H; 2575 2240 3371 3319 
GHn 2573 2242 — 3320 


Common to all homologous mercaptans is the presence of an SH 
group. It is therefore natural to assign a frequency of 2570 cm^' 
to this group. This is confirmed by the fact that of the three fre- 
quencies of the H,S molecule, one (2611 cm-^') is close to-the 
characteristic frequency of the mercaptans. That frequency 2240 cm^' 
(which is characteristic of nitriles) belongs to the CN group is 
confirmed by the fact that all molecules containing this group have 
irequencies close to the characteristic frequency of nitriles (for 
example, CICN has a frequency of 2206 cm-', BrCN, 2187 cm^', ICN, 
2158 cm-', C,N,, 2149 cm™', etc.); finally, a frequency close to the 
characteristic frequencies of amines is observed in the case of NH, 


(3337 em’). 
Table 63 gives the characteristic frequencies of various atomic 


roups. 

i The fact that the frequencies which correspond to a given bond 
or a given atomic group have close values for different molecules 
is a simpie reflection of the approximate constancy of energy of the 
same bonds that follows from the approximate proportionality be- 
tween the quasi-elastic constant k (which determines the vibrational 
frequency) and the bond energy. 

Since the expressions for vibrational frequencies of molecules 
involve both the quasi-elastic bond constant and the masses of the 
vibrating atoms, the vibrational frequencies may be regarded only 
as conditional characteristics of the bond energies in a molecule. 
For example, due to the diference in mass of hydrogen isotopes 
the vibrational frequencies of the H,O and D,O molecules are equal, 
respectively, to œ, — 3693.89 and 9758.06 cm=', œ, = 1614.50 and 
1210.25 cm~’, @,==3801.78, and 2883.79 cm~", i.e., they exhibit 
a very substantial difference, whereas the bond energies in the H,O 
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Table 63 
Characteristic frequencies of various atomic groups in cm7! (after Herzberg) 
E s Bond-bend- 
Group DU EUM Group PLC Group itg vibra: 
vibration tion 
=C—H 3300 —C=C— 2050 700 
=C—H 3020 >c=c< 1650 
| 
N Se erl 
yo 2960 7€ a 900 =C<y 1100 
< esser IT 
—O0—H 3680 oar 1100 —cZH 1000 
^u 
SEH 9580 | Sc—-cl 60 | sc 1450 
7 Su 
H 
Ñ 43 
>N—H 3350 7€ — Br 560 —C—H 1450 
^H 
>c=0 1700 
> c—c=c 
| —C=N 2100 ol 500 r 300 


and D,O molecules are practically identical. This frequency differ- 
ence is great also in other instances of bonds with the H and D 
atom. And in other cases, too, it always occurs to one degree or 
another. For this reason, it is not the frequencies but the quasi- 
elastic bond constants calculated from them that represent the true 
characteristic of the strength of chemical bonds in molecules. 
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